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The sulfur and nitrogen mustards have a selective destructive action on 
lymphoid tissue (1-3). Assessment of the cellular damage caused by these 
compounds is based chiefly on histologic evidence. The thymus shrinVg 
in volume ovdng to the destruction of lymphocytes, inhibition of mitosis, 
and the migration of lymphocytes into the blood stream (3). The present 
investigation is concerned .uith (a) the changes produced in the cholesterol, 
phospholipide, and nucleic acid of the whole thymus and (6) changes in the 
total lipide, cholesterol, and phospholipide of the stroma, lymphocyte 
nuclei, and saline-soluble proteins of the thymus after injection of y?- 
chloroethyl vesicants. 


Methods 

Inbred male rats of Wistar -stock, about 70 days old, were used as ex- 
perimental animals. The agents and doses (LDioo) used were as follows: 
(a) bis(/?-chloroethyl)sulfide (H), 0.4 mg. per kilo; (b) ethylbis(|(3-chloro- 
ethyl)amine hydrochloride (HNl), 0.4 mg. per kilo; (c) methylbis(|8-chloro- 
ethyl)amine hydrochloride (HN2), 1.2 mg. per kilo; (d) tris(|8-chloroethyl)- 
amine hydrochloride (HN3), 0.6 mg. per kilo. The nitrogen mustards were 
dissolved in saline and H was dissolved in thiodiglycol immediately before 
injection. The agents, dissolved in 0.2 to 0.3 ml. of solvent, were injected 
into the exposed jugular vein of the animal anesthetized -with sodium pento- 
arbital. Control animals were injected with saline. All rats were fasted 
fter injection. At varying intervals after injection the rats were e.xsan- 
uinated under anesthesia and the thymus was removed immediately, 
weighed, and prepared for analysis. 

Methods for analyzing the cholesterol, phospholipide, and nucleic acid 
1 the intact thymus are outlined. The total cholesterol was determined 
fter the thymus had been dried to constant weight in vacuo over PjOs. 
’he dried tissue was cut into small pieces with sharp scissors, transferred 

* The work described in this paper was done under contract between the Medical 
•ivision. Chemical Corps, United States Army, and the University of Virginia, 
nder the terms of this contract the Chemical Corps neither restricts nor is respon- 
;ble for the opinions or conclusions of the authors. 
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to an extraction thimble, and extracted under a reflux for 3 hours with 20 
ml. of an absolute alcohol-acetone mixture (1:1). The extract was filtered 
and brought to 25 ml. with alcohol-acetone mixture. Aliquots were anr 
lyzed for total cholesterol by the Schoenheimer-Sperry procedure as mod 
fled bj’" Sperry and Brand (4). Phospholipide phosphorus was determined 
in the individual fresh thymus of another group of rats. This tissue wa- 
homogenized with 20 ml. of an absolute alcohol-acetone (1 : 1) mixture and 
extracted under a reflux for 4 hours. Experiments were done to show that 
phospholipides were completely extracted by this procedure. The extract 
was brought to 25 ml. and aliquots were evaporated close to dryness on a 
hot-plate and the residue was immediately extracted with petroleum ethe” 
and the phosphorus was analyzed by the method of King (5) as modifieii 
by Allen (6). In a separate group of animals nucleic acid was determined 
spectrophotometrically by a modification of the method of Schneider (7). 
The whole thymus of each experimental rat was homogenized with the aid 
of 2 ml. of ice-cold distilled water and diluted to 10 ml. 2 ml. of the well 
mixed homogenate were transferred to a centrifuge tube, 4 ml. of 7.5 per 
cent trichloroacetic acid were added, and the mixture was heated at 90° foi 
15 minutes. After cooling, the tube was centrifuged and the supernatanl 
was diluted 10 to 100 times with water, depending on the original thymus 
weight. Since the maximum absorption of nucleic acid dissolved in dilute 
, -trichloroacetic acid was at 260 mu, all readings were made at this wave- 
length in a Beclonan spectrophotometer. The nucleate content of a thy- 
mus extract was determined with the aid of a standard curve prepared 
with Ivnovm amounts of calf thymus nucleate treated in the same manner 
as the unlmovms. 

Fractionation procedures were developed in this laboratory (8) to ob- 
tain stroma, lymphocyte nuclei, and saline-soluble proteins of the thymus. 
In order to obtain sufficient thymus (7 to 10 gm.) to yield adequate amounts 
of these three fractions in each group, it was necessary to sacrifice thirty 
to forty control rats, and 90 to 100 HN3-injected animals. The fractions 
were dried to constant weight in vacuo over PsOs- The dried materials, 
which were ground to a powder, were first extracted with absolute ethanol 
overnight under a reflux, followed by a 6 hour extraction with absolute 
ethanol-ether (1:1). These extracts were combined and brought to 100 
ml . mth tlie ethanol-ether mixture. Total cholesterol (4), total lipide car- 
bon (9), and phospholipide phosphorus (5, 6) were determined on aliquots 
of this extract. 

The following conversion factors were used: lipide P X 23.7 = phos- 
pholipide, phospholipide X 0.647 = phospholipide carbon, and cholesterol 
X 0.839 = cholesterol carbon. The combined cholesterol and phospho- 
lipide carbon values were subtracted from total lipide carbon to give the 
concentration of “neutral fat” carbon. 
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Results 

^ Intact Whole Thymus 

V Cholesterol {Tabic I ) — The data for the mean values of dry weights of 
die individual thymuses and the percentage concentrations and contents of 
diolesterol after intravenous injection of saline and /3-chloroethyl vesicants 
ire summarized. 


Table I 

Jrtj Weights and Cholesterol Concentrations and Contents of Thymus of Fasting Rats 
after hilravcnous Injection of Saline and Mustards 


bas 5 1 

iftcr 

njec- 

Saltoe 

1 

KNl 

HN2 

HNS 

1 H 

lion 







Mg. dry weight thymus per 100 gm, rat 


1 

2 

3 

4 

5 


j57 ±3.7 
-1C ±2.5 
44 ±2.4 


(10)39 ± l.S* 

(10)|31 ± 1.0* 

(12)131 ± 1.4* 

,40 ± 1.9 (1S)'34 ± 2.6 

36 ± 2.2 (10), 25 ± 2.2* 


(10) 43 ± 1.4* 
(21) 43 ±1.7* 
(12)21 ± 1.7* 

(9)23 ± 1.2* 

( 11 ) 


(10) 
(9) 
( 12 ) 
(10) 19 
17 


45 ± 2.2* 
29 ± 2.1* 
24 ± 1.3* 
± 1.9* 


( 10 ) 

( 10 ) 

(10) 

(10) 


± 2.0* (11) 


40 ± 1.6* (10) 
32 ± 2.8* (20> 
23 ± 2.1* (8) 
23 ± 1.7* (7) 
27 ± 4.1 (8) 


Mg. cholesterol per 100 gm. dry thymus 


1 

1001 ± 37.7 

1145 ± 45.6 

1140 ± 44.6 

1259 ± 50.0* 

1297 ± 29.9* 

2 

1187 ± 06.8 1 

1181 ± 60.7 

1941 ± 104.1* 

1627 ± 144.3*’ 

1660 ± 120.5* 

3 

1184 ± 38. 3 

1988 ± 148.4* 

2535 ± 150.8* 

2039 ± 125.0* 

2292 ± 118.5* 

4 

1540 ±55.6 

1484 ± 94.0 

2641 ± 203.0* 

2816 ± 246.0* 

2411 ± 375.0 

5 

1622 ± 59.7 

1891 ± 250.4 


4151 ± 151.7* 

2191 ± 310.2 


Mg. cholesterol per 100 gm. rat 


1 

0.56 ± 

0.04 

0.45 ± 0.03 1 

0.49 ± 0.02 

0.56 ± 0.03 

0.52 ± 0.02 

2 

0.54 ± 

0.01 ' 

0.54 ± 0.02 

1 0.61 ± 0.03 

0.44 ± 0.20 

0.50 ± 0.03 

3 

0.52 ± 

0.03 ! 

0.61 ± 0.03 

1 0.53 ± 0.04 

0.48 ± 0.03 

[ 0.52 ± 0.03 

4 

0.60 ± 

0.02 1 

0.49 ± 0.02* 

j 0.60 ± 0.02 

0.50 ± 0.02 

' 0.47 ± 0.04* 

5 

0.58 ± 0.02 

0.47 zt 0.03* , 

1 

1 

0.65 ± 0.05 

0.53 ± 0.05 


The figures in p.arentheses represent the number of animals in each group. 
* Represents significant difference from saline control. 


Fasting causes an appreciable decrease in the thymus weight. The ni- 
trogen and sulfur mustards are responsible for significant decreases in w eight 
when compared tvith the saline controls. The greatest decreases are seen 
in the HN3 group. 

The percentage concentrations of the cholesterol in dried thjrous increase 
markedly in both the control saline and mustard groups. The remarkably 
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constant values for the cholesterol content per 100 gm. of rat indicate a 
close relationship between the loss in thymus weight and the increased per- 
centage concentration of cholesterol. 

Phospholipide {Table II) — The data for the phospholipide concentration 
and content of the thymus (fresh) after injection of saline and HNS are 
shown. The number of animals in each group is small and the standard 
errors, which are omitted, are relatively large. Although the percentage 
concentrations of phospholipide are consistently greater in the HNS 
groups, there is no significant statistical difference from the saline controls. 
The decrease in the phospholipide content is statistically significant and is 
associated with the resulting marked involution after HNS. 

Nucleic Add (Table III) — Fasting of the control animals does not affect 
the percentage concentration of nucleic acid but does cause an appreciable 
decrease in the content of nucleic acid. The most marked decreases in 

Table II 


Percentage Concentrations and Contents of Phospholipide of Thymus of Fasting 
Rats aker Intravenous Infection of Saline and HUS 


Days after 
injection 

Mg. per 100 mg. rat thymus 

Mg. per 100 gm. rat 

Saline 

HNS 

Saline 

HNS 

2 

1.39 (5) 

1.62 (5) 

2.8 

1.6 

3 

1 .35 (5) 

1.65 (5) 

2.5 

1.1 

4 

1.49 ( S ) 

1.84 (7) 

1.8 

0.9 

0 

1.26 (5) 

1.34 (7) 

1.6 

1.0 


The figures in parentheses represent the number of animals in each group. 


both concentration and content of nucleic acid are observed after HN2 and 
HNS. Although HNl is the most toxic of these agents, it causes the 
smallest change. 


Thymus Fractions 

Percentage Distribution (Fig. 1) — ^The percentage distribution of stroma, 
lymphocyte nuclei, and the saline-soluble proteins or cytoplasmic constit- 
uents of dry thymus at various periods after fasting and after the injection 
of saline or HNS is shovm. From these data it is clear that the increase in 
the stroma fraction is roughly proportional to the decrease in lymphocytes; 
the cj^oplasmic components are not appreciably changed by the experi- 
mental procedures. A 4 day period of fasting in the saline group is re- 
sponsible for a decrease in lymphocytes from 65 to 20 per cent; the value 
on the 4th day for the HNS group is S per cent. 
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Table III 


N ucleic Acid Conccnlralions and Contents of Thymus of Fasting Rata after 
Intravenous Injection of Saline and Mustards 


Dai'S 

! 





rafter 

tQjecUoa 

SauDc 

HNl 

HN2 

HN3 



Mg 

. nucleic acid per 100 mg. thymus 


1 

2.14 ± 

0.00 (9) 

2.18 ± 0.06 (15) 

1.45 ± 0.11* (10)i 

2.04 ± 0.04 (10) 

2 , 

2.20 ± 

0.03 (10) 

1.87 ± 0.08* (16) 

1.31 ± 0.08* (11) 

1.59 ± 0.08* (10) 

3 

2.13 ± 

0.12 (10) 1 

1.77 ± 0.07* (13) 

1.05 ± 0.07* (9) 

1.48 ± 0.04* (10) 

4 

1.97 ± 

0.21 (10) 1 

1.96 ±0.07 (10) 

1.28 ± 0.04* (10) 

1.09 ± 0.05* (10) 

5 

1 .So zb 

0.17 (10) 

1.06 ±0.10 (10) 

1.16 ± 0.12* (10) 

1.19 ± 0.08* (14) 

Mg. nucleic acid per 100 gm. rat 

1 I 

4.10 

±0.18 

3.48 ± 0.20 

2.10 ± 0.15* 

2.69 ± 0.14* 

2 1 

4.07 

±0.14 1 

2.27 ± 0.16* 

1 1.47 ±0.09* 

1.44 ±0.15* 

3 

3.60 

± 0.25 

1.88 ± 0.13* 

1 0.84 ± 0.08* 

1 0.94 ± 0.07* 

4 

2.33 

± 0.21 

2.16 ± 0.27 

0.99 ± 0.06* 

0.56 ± 0.04* 

5 

2.05 

± 0.17 

1.49 ±0.34* 

0.93 ± 0.11* 

0.76 ± 0.08* 


The figures in parentheses represent the number of animals in each group. 

* Represents significant difference from saline control. 

SALINE-SOLUBLE 

STROMA LYMPHOCYTES PROTEINS 
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Fio. 1. Percentage distribution of stroma, lymphocytes, and saline-soluble pro- 
teins in the thymus of fasting rats injected with saline or HNS. 


Lipide Analyses 

Stroma (Fig. 2 ) — ^The concentration of total lipide carbon varies con- 
siderably in both groups owing to the neutral fat component. These van- 
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Fw. 3* Percentage concentration of total lipide, cholesterol, phospholipide 
and neutral fat carbon in lymphocyte nuclei of the thymus of fasting rats. 

,• Jq not appear to be attributable to the effect of HN3. Both tbt 
'\otesteroi and phosphoHpitie concentrations of the HNS groups increase 
^ ' ^r/.eia'blv above most of the saline controls. 

n^ nhocntch'nclei (Fig. 3)— Fasting in the saline-injected groups caused 
^.ristion' ia the concentrations of the lipide components. After m- 
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jecting HNS, the total lipide concentration increases markedly on the 2nd 
day and reaches a maximum on the 3rd day. These increases are chiefly 
due to the increases in neutral fat. The values for cholesterol and phos- 
pholipide are consistently greater than those for the saline groups. 

Saline-Sohible Components {Fig. 4) — ^This fraction contains the saline- 
soluble proteins and suspended particulate material of the cytoplasm. 
Fasting for 4 da 3 ’^s is responsible for an impressive increase in lipide carbon 
from 7.7 to 18.6 per cent, ovdng chiefly to increases in neutral fat carbon; 
in the HNS groups appreciable increases are noted on the 1st and 2nd 
da 5 ’'s. The cholesterol concentrations in the nitrogen mustard groups are 
consistentlj’’ increased about 100 per cent above the values of the saline 
controls. The phospholipide concentrations are not appreciably affected. 

Cholesterol Distribution (Table IV) — ^The concentration and distribution 
of cholesterol in the three thymus fractions of rats injected vdth saline and 
HNS are shovn. This analj'^sis jields information shovdng the fractions 
responsible for the constancy of the cholesterol values seen in these in- 
voluted glands (Table I). In both the saline and HNS groups the cho- 
lesterol concentration of the stroma fraction increases from 18 to a maxi- 
mum of 73 per cent of the total thymus. Concurrentlj' the cholesterol 
content of the Ijunphecj-te nuclei decreases from 50 to as low as 3 per cent 
of the total. The changes in the cholesterol content of the cytoplasmic 
'raction, particularly in the HNS groups, are not markedly changed. 

i 2 sums of the cholesterol content of the three fractions per 100 gm. of 
thjnmus increase in both the saline and HNS groups and approximate 
closelj’’ the results shown for the whole thjTnus in Table I. 

DISCUSSION 

Despite the pronounced involution of the thymus, due chiefly to the loss 
of IjTnphocjdes, the percentage concentration of cholesterol increases and 
the cholesterol content of the gland remains constant. The cholesterol of 
the Ij'mphocj'te nuclei of the control thjunus accounts for 50 per cent of 
the total cholesterol; after HNS injection, the lymphocytes account for 3 
per cent of the total cholesterol of the involuted thymus. It is obvious 
that the stroma and the cjdoplasm must contain the additional cholesterol 
to compensate for the deficit incurred bj’’ Ijunphocyte loss. It is therefore 
postulated that the thjmus is capable of manufacturing a cholesterol-rich 
lipoprotein. It has been shown that the electrophoretic patterns and the 
lipide content of the plasma fraction II -MH of the rat are changed after 
the injection of HNS.* It seems possible that some of the increased con- 

' Chanutin, A., and Gjessinp, E. C., unpublished results. 
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tent, of lipoprotein of the j)la,sinn of injured animals originates in lymphoid 
tiss'iie. 

Acconling to Kindred-' the nuclei of (ho rat tlijonus lymphocytes show 
no mondiolopic changes during fasting. On the 1st day after injecting 
HN.3, the largest numher of degenerated lymphocytes is observed and a 
largo j)roj)ortion of the nuclei of surviving Ijinphocytes is partially lobu- 
latcd. On subsequent days the number of degenerated cells decreases pro- 
gressively, practically all of the ]ymphoc 3 'tc nuclei are irregular in shape, 
but the di.'^tribution and appearance of (he chromatin are normal. No cor- 
relation is app.arent. between the cj'tologic observ-ations and the changes 
in the total lipide concentration of the nuclei. The very marked and sud- 
den increases in the neutr.al f.-it, concentration of the nuclei on the 2nd, 3rd, 
and -tth days after HX.3 indicate cxten.sive ciiemical alterations. This 
maj’ represent the tyjio of lipide infiltration commonlj’- seen in cells after 
man}- types of chemical injiirv. A .studj- of the litenaturo has failed to dis- 
close infonnation dealing with the quantitative aspects of lipides of nuclei 
before and after injur}-. 


SU.MMAnY 

The cfTect of the intravenous injection of saline and trisOS-chloroethyl)- 
amine (IIN3) upon the total cholc.stcrol, phospholipidc, and nucleic acid 
conccntnition of the thymus of the fasting rat is presented. The percent- 
age concentration of cholesterol increases but the cholesterol content of the 
involuted thymus remains constant. The phospholipidc and nucleic acid 
contents decrc.asc. 

Data are prc.'-’cnled for the changes in the total lipide, cholesterol, and 
pho.spholipidc carbon concentrations of the stroma, lymphocyte nuclei, and 
cytoplasmic constituents of the thymus after injection with saline and HN3. 
The pronounced effect of nitrogen mustard on decreasing the number of 
lymphocytes is demonstrated. HN3 causes a marked increase in the neu- 
tral fat of the lymphocytes, which is suggestive of lipide infiltration. The 
cholesterol concentr.ation of each of the three fractions is elevated after 
nN3. The phospholii)idc concentration is slightly elevated in the stroma 
and K-mphocyte nuclei. 

L}'mphoid tissue appears c.apablc of synthesizing a cholesterol-rich lipo- 
protein. 

The authors are indebted to Mr. Curtis S. Floyd, Miss Florence L. Jones, 
and Miss Elizabeth A. Lentz for technical assistance. 

* Kintlred, J. J3., personal communication. 
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GI.VCOLVSIS IN TUMOR HOMOGENATES* 

I3v G. A. Lr.PAGE 

(/'rori l/,f McArdU .Vrrutricl l^boralor;/, Medical School, Univcrsily of Wisconsin, 

Madison) 

(Hcrcivrd for publication, July 2, 1918) 

Ro«*nl reporjf (1, 2) li;ivo plrcnglhcncd the concept that tumor metabo- 
lism involvc's a very aelive plycoh-sis of ihe phosphorj'laling tj'pe. Suit- 
able media for the study of glycolysis in homogenates of brain have been 
(IcA-ifcd by R;ick<'r and Ivrimpky (3, -1) and Utter d al. (5, 6). These media 
were used, with slipht modificalions, by NovikofT d al. (2) for measurement 
of glycolysis in tumor iiomogcnales. If the assumption that tumor uses 
high vnvrpy phosphate bonds as a source of energy for sjmthetic reactions 
is correct, then one important prerequisite for the study of synthetic re- 
actions in tumor liomogcnates is the development of a medium which is 
optimal for sustaining phosphate bond energj' in these homogenates. The 
object of thi.« paper is to present data concerning the development of such 
optimal media for glycolysis in homogenates of Flexncr-Jobling carcinoma. 
The mediiim for optimal glycolysis was developed not only on the basis of 
the Qcot, but also in terms of lactate production, as determined chemically, 
and in terms of the esterification of inorganic phosphate. 

E.VPi:rUMENTAL / 

Flc.vner-Jobling carcinoma transplants in Sprague-Dawley albino rats 
were used throughout.* Tliese were taken for experiment at 8 to 12 days 
after subcutaneous transplantation, at which time they weighed 500 to 1000 
mg. This material liad the advantage that it was very reproducible and 
as free as possible from necrotic tissue or other tissue elements. 

The tumors were rapidlj' excised from decapitated rats and placed in 
small beakers of isotonic KCl immersed in chopped ice. After all outer 
connective tis.sue had been trimmed off, the tumors were weighed and added 
to cold Poltcr-Elvehjem (7) homogenizer tubes and alkaline" isotonic KCl 

* Thie work w.^fi supported by n grant from tbc American Cancer Society on the 
reeoinmendation of the Committee on Growth of the National Research Council. 

’ Tlic author wisiics to acknowledge the assistance of Mr. B. E. Kline, who pro- 
vided the tumor transplants. 

* After preliminary cxpcrimentB which indicated very little difference between the 
results obtained with liomogcnates made in isotonic KCl and those made in water, 
with a sliglit superiority of the former, alkaline KCl was routinely used. This 
alkaline KCl was isotonic KCl to wliich had been added 8.0 ml. of 0.02 m KHCO 3 per 
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net pliospliorus uptake, in a 40 minute incubation, of vaiying tonicitj’ in 
our optimal medium by additions of KCl. 

Initial pH of Medium — In the medium, optimal in other respects, pH 
was varied bj' var 3 dng the bicarbonate concentration. The results are 
illustrated in Fig. 1. The values used are the initial pH before gl 3 '’col 3 'sis 
has begun. The pH was checked after the gassing technique b 3 '’ rapidb' 
removing the flaslis and inserting a glass electrode in the contents. The 
pH values found agreed well with those predicted from calculations of the 
Henderson-Hassclbalch equation (9). The data in Fig. 1 are for a 40 
minute incubation, during which separate experiments showed that the pH 
drop was 0.1 to 0.2 unit. The higher pH probabb^ favors higher adeno- 
sinetriphosphatase activit 3 L At lower than optimal magnesium concen- 



PH 

a. 1. Effect of initial pH of medium on lactic acid production and net phos- 
is esterification per fl.ask in a 40 minute incubation with 30 mg. of tissue. 

trations, the range of optimal pH is much narrower, phosphorus uptake 
dropping sooner as pH progresses above 7.4. 

Potassium versus Sodiujn — Bo 3 'er et al. (11) have discussed the necessity 
of potassium for phosphate transfers and demonstrated a potassium re- 
quirement for certain of these reactions. The substrates for our medium, 
the saline, bicarbonate, etc., were all potassium salts. Data protddcd in 
Table II demonstrate that potas.=ium is necessaiy for optimal gb'cob'sis, 
that it cannot be replaced completeh' b 3 ' sodium without loss in efficienc 3 ', 
that the potassium level in the medium is sufficient, and that e.xtra additions 
of potassium be 3 'ond 0.01 -M do not alter the efficienc 3 '. 

Suhstrates — Presumabb' the main .'nibstrate required for tumor gb'cob’sis 
would be glucose. However, in operating a phosphorylating gb'cob'sis, it 
is necessaiA' first to phosphor3'l3te the glucose. To permit this would 
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mnlcc nccae'^ary the addition of relatively largo amounts of adenosine tri- 
phosphate (ATP), which woidd leatl to inofTicicncy in a homogenate system 
hecanse of the active ATPaso. lienee it is more practical to start the re- 
action by addition of a small amonnt of hexose diphosphate’ (HDP). 
\Micn no A'i P or IIDP was added to the reaction mixture, no lactic acid 
(less than 0.2 micromole) or phosphoglyceric acid was produced. When 
.«mall amounts of llDP wore added, thcllDP was cpiantitatively converted, 
at a very rapitl rate, to the eciuivalenl of pho.«phoglyceric acid. 'When both 
glucose and HDP were added, a large increase in the phosphoglyceric acid 
productitm occurred above that theoreticall}* possible from the HDP,^ and 
inorganic phosphate was o.slerified. Large amotmts of HDP decrease the 
net pho.'phoms uptake, jtrob.abl.v by permitting more phosphatase activity 
and possibly by permitting a reaction rale exceeding the rate of the glucose- 
phosphorj'laling ontyines. Dat.a concerning the ctTccts of varying the 
HDP concentration in the otherwise optimal medium are presented in 


Taiii.k 11 

Potn'-rium tfraus Soilittm 



Ijictic nciii 
production per 
flask 

N'ct P cstcrificd 
per flask 

.\11 sodium salts 

Potassium, O.OI m; all other salts sodium . 

“ salts emircly (K approximately 0 07 m) 

micromoiti 

2.0 

10.4 

10.5 

micromoles 

-0.3 

4.0 

4.1 


Fig. 2. A -10 minute incub.ation period was used. Similarly, effects of 
varying gluco.=e concentration with HDP optimal are shovm in Table III. 
The amount of gluco.se glj'colyzcd is independent of concentration, under 
these conditions, to very low levels. This is probably not true in vivo (12) 
as the HDP level is very low (1). 

Ptjrxivalc — Pyruvate is added to act as hydrogen acceptor. This is 
nece.ssary because the normal reactions which wmuld provide it are blocked 
by the fluoride. However, when fluoride is absent, the system still derives 

* Hcxoso dipliospli.atc u.scd in this study was prepared from HDP obtained as 
liarium salt from the Schwarz Laboratories, Inc., New York, by precipitation as the 
acid barium salt. Before it was used, the barium was removed with sulfuric acid and 
the IIDP neutralized with potassium bicarbonate. 

^ Production of lactic acid in the absence of added glucose exceeds the theoretical 
amount obtain.able from added IIDP to a small o.xtcnt. A corresponding amount of 
pyruvic acid disappears from the lactic-pyruvic sum, indicating the possibility that a 
dismutalion of 2 molecules of pyruvic to 1 of lactic,! of acetic, and 1 of carbon 
oxide occurs. Direct evidence that this is the case has not yet been obtained. 
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some benefit from addition of a catalytic amount of pyruvate to prime the 
reaction. Measurements concerning the effects of adding or omitting 
pyruvate are presented in Table IV. The data for no pyruvate addition 
with fluoride present permit calculation of the extent to which the fluoride 
is inhibiting at the phosphoglyceric acid stage. The inhibition with 0.01 
KF is indicated to be appro.ximately 90 per cent. 



Fic. 2. Effects of varied HDP additions on micromoles of laetic acid produced and 
net phosphorus csterified per flask in a 40 minute incubation with 30 rag. of tissue. 


Table HI 

Effect of Varied Glucose Concentration on Glycolysis 


Glucose concentralion | 

1 

Lactic acid produced per flask | 

Net P uptake per flask 

" ! 

tnierfftnehs i 

micromeUs 

0 

1 7.6 

0 

0.0013 

10.2» 

3.9 


10.4 

4.2 

0.02 

10.1 

! 1 

4.2 


• This actually represents glycolysis of two-thirds of the added glucose. 


Magnesium and Fluoride — ^In studies of these two ions, variations were 
made in both, since the concentrations being studied are such that the 
medium is close to or above saturation with magnesium fluoride. However, 
no indications were obtained that any precipitation was occurring. Table 
V illustrates the effect of variations in magnesium mth fluoride optimal 
(0.01 m) and Table VI illustrates the effects of varied fluoride concentrations 
with magnesium constant (0.0066 m). The decision was made to use 0.01 
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M fluoride, despite higher phospliorylation efBciency mth higher levels, 
because of the inhibiting effect on the glycolytic rate of such increases in 
fluoride. 


Table IV 

Effects of Added Pyrut'ale on Glycolysis in 40 Minute Incubation 



Lactic acid 

1 produced per 

1 B&sk 

KetP uptaJee 
per flast 


1 ntcrcrtcles 

mtcrcmolcs 

Complete medium 

9.2 

4.0 

Minus pyruvate 

0.9 

-0.5 

“ “ minus fluoride 

8.0 

-4.4* 

" fluoride -f 0.1 optimal pyruvate 

10.0 

-3.2 

“ “ + optimal pyruvate j 

11.0 

-3.2 


* The theoretically possible not P loss to the medium from the added HDP alone 
is 12 micromoles. 


Table V 


Effects of Varied Magnesium Concentration in 40 Minute Incubation 


iligBdiuia eoactatnOaa 

I Lictie add produced per flisi 

Net P uptake per flask 

t/ 

rttcrometes 

nicronclu 

0 

7.60 

-0.23 

0.00105 

8.85 

0.55 

0.0033 

S.85 

1.95 

O.OOGG 

8.75 

3.5 

0.0099 

8.2 

3.5 

0.0133 

7.9 

3.5 

1 


Table VI 

Effects of Varied Fluoride Concentrations on Glycolytic Eate’fiuring 40 Minute 

Incubation 


Potissium Cuoridc concentration 

Lactic acid produced per flask 

Net P uptake per flask 

u 

r»icrenoI« 

nUromoles 

0 

10.5 

-10.5 

O.OOGG 

8.45 

1.6 

0.010 

8.75 

3.5 

0.020 

6.75 

4.5 

0.030 

5.85 

4,7 


Adenosine Triphosphate — ^The adenosine phosphates are Imown to be 
coeniymes or “carriers” in the mechanism of enzymatic p osp e ra er. 
Experiments ttith adenylic acid and ATP, the former prepared by the 
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method of Kerr (13), the latter by the method of LePage (9), both in 
pure state, indicated that they were equivalent. A slightly higher phos- 
phorus uptake is noted -n-ith adenylic acid. The effects of varjdng ATP 
concentration in the medium are illustrated in Pig. 3. Net phosphonis 
uptake tends to decrease at higher levels. Tliis is undoubtedly due to 
increased ATPase acti^dty at higher substrate levels. 

Diphosphopyndine Niicleotide (DPN) — This compound is knomi to be 
required as coenzjune for hydrogen transfer in glycotysis. For use in our 
e.Yperiments it was prepared by the method of LePage (14) and further 
purified by solution in acid methanol and precipitation m'th ethyl acetate. 
This purification was employed to lower the content of adenylic acid (the 



Fig. 3. Effects of varied ATP concentration on lactic acid production and net- 
phosphorus esterification by 30 mg. of tissue in a 40 minute incubation. 

chief impurity) in order to permit more quantitative definition of the ATP 
requirement. The preparations as used assayed 85 per cent DPN and 
contain less than 10 per cent of adenylic acid (without calculation for water 
of hydration). Fig. 4 illustrates the effects of varying additions of DPN. 

Protective Factors — One compound cited as a protective factor for 
glycolytic enzj-mes is glutathione (15). Addition of glutathione to the 
medium had no effect upon duration or rate of glj'colysis in our tumor 
homogenates. 

No^^koff cl al. (2) demonstrated that nicotinamide bad a protective 
effect on the tumor homogenate system. Presumabl}’’ this is due to its 
inhibitor}' effect on the nucleosidase breaking down DPN. Recently it 
has been shown that a-tocopherol phosphate inhibits breakdown of DPN 
in various rat tissues (16) and that a p}Tophosphatase rather than a 
nucleosidase is responsible for DPN breakdown in kidney (17). It was 
therefore of interest to determine the effects of both nicotinamide and a- 
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(ocophcrol pliosphalc-’ on preservation of DPX in this tumor homogenate 
system. Data on lactic acid [)roduction and phosphorus uptake, in a 40 
minute incubation, are given in Table VIL DPX breakdown in these ex- 
periments was markedly inhibited by nicotinamide, but was unaffected by 
a-tocopherol phosphate. 

hwrfianic Phosphate — Inorganic orthophosphate is obviously necessary 
in the phosphondating glycolysis mechanism. A discussion of its possible 
role in regulation of rate was provided bj’’ Potter (IS). It was of value in 
making accurate measurements of phosphate uptake to have the phosphate 
of the medium relatively low. It is necessaiy to reduce the phosphate of 
the medium to a ver\* low level before it affects the glycoljffic rate. Data 



Fig. 4 . Effects of varied DPN on lactic acid production and net phosphorus 
c.sterification by 30 mg. of tissue in a 40 minute incubation. 

to illustrate this are provided in Table VIII. The lowest initial concen- 
tration listed there represents no phosphate addition, and is that resulting 
from the phosphorus present in the added tissue. 

Homogenate — ^In all of the experiments described above, 30^ mg., wet 
weight, of tumor were used per reaction vessel. This gives a suitable rate 
of reaction. Data provided in Fig. 5 for a 20 mnute incubation illustrate 
tliat the lactic acid produced (phosphoglyceric) is proportional to the 
amount of tissue added, ^^ffien incubation is carried beyond this time, the 
linear relationship fails because HDP becomes limiting. The pho^hoiy a 
tion of glucose with the phosphate bond energy gained from the triose 
phosphate dehydrogenase reaction is not 100 per cent efficient, o^nit^ o 
ATPase activity, and consequently the HDP concentration progressive y 

^ The author wishes to thank Dr. Stanley Ames of Distillation Products, Inc., 
gift of a-tocopherol phosphate. 
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Table VII 


Effects of Nicotinamide and ce-Tocopherol Phosphate in Jfl Minute Incubation 


1 

Conditions 

Lactic acid 
production per , 
flask 

Net P uptake 
per flask 

Unprotected system 

micromoles 

2.8 

3.15 

micromoles 

0.65 

“ “ -f a-tocopherol phosphate, 1 mg. 

per flask 

0.68 

Unprotected system -t- nicotinamide, 0.04 m 

7.1 

1 4.2 

1 



Table VIII 


Effect of Varied Inorganic Phosphate Levels in iO Minute Incubation 


Initial phosphate con* 
centra tion 

Final phosphate conccn* 
tration 

Net P uptake per 
flask 

Lactic acid produced 
per flask 

uXlO-^ 


micromoles 

micromoles 

0.25 


0.37 

3.2 

0.37 


0.82 

3.4 

0.53 


1.1 

3.6 

0.80 


1.9 

4.6 

1.34 


3.0 

8.1 

2.7 


4.2 

9.0 



Fig. 5. Effects of varied additions of tissue on lactic acid production and net 
phosphorus esterification in a 20 minute incubation. 

falls. During the first 20 minutes incubation, HDP has not become limit- 
ing, although more has been glycol 3 --zed than was initiallj' present (6.0 
micromoles added). 
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The optimal medium finally pelected had the following molar compo- 
sition: potassium phosphate, 0.002-1; potassium bicarbonate, 0.025; nico- 
tinamide, 0.0-10; adenosine triphosphate,® 0.00033; diphosphopyridine 
nucleotide,® 0.00020; hexose diphosphate,® 0.0020; pyruvic acid,® 0.0050; 
magnesium chloride, O.OOGG; potassium fluoride, 0.010; glucose, 0.010. 

Rate of Reaction — The data in Fig. 6 illustrate the rate of reaction in 
typical experiments with optimal homogenate medium and 30 and 10 mg. 
of tissue. For some purposes it would be desirable to use only 10 mg. 
Nearly the same linearity of rate can be obtained with the higher tissue 
concentrations, however, if more IIDP is added. 



Fig. 0. Rc.action rates in tlic optimal homogenate medium obtained with tw 
tissue levels. CO: = carbon dio.xidc evolved from the bicarbonate buffer per flask 
L.\ = lactic acid produced per flask; P = net phosphorus esterification per flask. 

DISCUSSION 

It was important to prove that high energy phosphorus in the form of 
ATP was present throughout the reaction period. Prelinunary studies 
concerning this indicate that at least two-thirds of the ATP originally added 
is present as such after a 40 minute incubation. Further stuches regarding 
the rates of transformation of the various phosphorylated intermediates 
will be made the subject of a later publication. 

V Some studies have been made concerning the glycolytic rates obtamaWe 
with homogenates of normal tissues. Of those examined, all appear to e 
' able to glycolyze HDP very rapidly. Rat brain homogenate, in a medium 
similar to the one herein described, is able to glycolyze glucose an give 


' Added as potassium salts. 
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large phosphorus uptakes. However, rat liver and Iddne}’- produce phos- 
phogljTeric acid theoreticall}’’ equivalent to the HDP added and do not 
gtycolyze glucose or take up phosphorus in this medium. The study of 
conditions necessary to obtain phosphorylation of glucose in rat liver and 
Iddney homogenates will be the subject of a later publication. 

SUMMARY 

AVith Flexner-Jobling rat carcinoma transplants as the tissue source, a 
medium has been devised for glj’-colysis in tumor homogenates. This 
medium permits gl3’-col3’-sis of glucose, esterification of inorganic phosphate, 
and maintenance of phosphate bond energy. 
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CENTRIFUGAL FRACTIONATION OF GLYCOLYTIC 
ENZYMES IN ITSRUE HOMOGENATES* 

By G. A. LrPAGE and WALTER C. SCHNEIDER 

(From ihc McArdlc Mcworial Lahoralory, Medical School, University of Wisconsin, 

Madison) 

(Received for publication, July 19, 194S) 

Experiments on aerobic and anaerobic glj'colysis in mammalian tissues 
have usually been concluclcd either with slices or with extracts. The 
latter have usually been made l)y breaking up the tissue and centrifuging 
and discarding some fraction of the particulate matter. Studies with slices 
have disadvantages in certain eases because of penneability factors. 
Results with extracts arc frcqucnllj' misleading because of variability in 
the amount of material discarded and lack of knowledge concerning the 
relation between the activity' of the extract and that of the discarded por- 
tion. Ylien reactions arc studied for which infoimation is not available as 
to intracellular distribution of the cnzj'mes involved, it is advantageous to 
use whole homogenates. In this case permeability factors are largely ruled 
out and no part of the activit}' is discarded. 

The comple.xitics with regard to intracellular distribution of enzymes 
involved in gh'colysis studies have been discussed by Meyerhof et al. 
(1-3). Recently a medium was devised for studies of anaerobic glycolysis 
with homogenates of Flexncr-Jobling rat carcinoma, which enables these 
homogenates to maintain phosphate bond energy' for reasonable periods of 
time and consequently' permits studies of synthetic reactions mth these 
homogenates (4). This medium was found to be approximately optimal 
for other tissues as well. 

Centrifugal fractionations of tissue homogenates now permit separation 
of intracellular material into four well defined fractions (5) : (a) a nuclear 
fraction, (b) the mitochondria or “large granule” fraction, (c) submicro- 
scopic particle fraction, and (d) a supernatant fluid containing soluble 
enzy'mes. Tlie object of this paper is to present the results of experiments 
in which homogenates were separated into these four fractions and re- 
combined in the various possible combinations. Measurements were made 
of lactic acid production and net uptake of inorganic orthophosphate y 
the fractions. 

• * This work was supported by a grant from the American Cancer Society on the 
recommendation of the Committee on Growth of the Nations esearc ounci 

1021 
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EXPERIMENTAL 

Since the centrifugal fractionation procedure requires some 5 hours, and 
the glycol 3 diic measurements cannot be taken until fractionation is com- 
pleted, it TYaa first necessarj'- to stud}" the stability of the enzjnme systems. 
Data presented in Table I indicate that little decline in activity occurs in 5 
hours at 0°, but that considerable decline occurs in 24 hours. It was there- 
fore possible to complete the fractionation and make the glycolytic meas- 
urements before any significant fraction of the activity was lost. 

For the study of enz 5 Tne distribution in tumor cells, Fle-vner-Jobling 
carcinoma transplants^ were made in Sprague-Dawley rats and the tumors 
taken 8 to 12 days later, when they were actively growing and free from 
necrosis. Liver is a veiy suitable normal tissue for this fractionation pro- 
cedure. It is composed mainly of one tj"pe of cell and provides clear cut 

. Table I 

Stability of Glycolytic System in Homogenates Stored at 0° 

Glycolysis obtained in 40 minutes with 30 mg. of tissue . The results are e.^pressed 
in micromoles per flask. 


Age of 
homogenate 
at0° 

Flexner-Jobling carcinoma j 

Rat liver 

Rabbit liver 







firs. 1 

i 

I i 





0 1 

1 9.4 i 


6.8 

-2.8 

6.4 

0.6 

6 1 


t 3.G 1 

6.2 

-2.8 

6.1 

0.5 

24 

1 

2.G 


3.4 

-3.0 

3.0 

-0.9 


fractions. However, homogenates of liver tissue from intact, normal rats, 
though they glycolyze hexose diphosphate rapidly, do not appear to glyco- 
lyze glucose; they give inorganic phosphate output on our medium. Rab- 
bit liver was fotmd to be more suitable, and consequently it was used as an 
example of a normal, differentiated tissue. The rabbits used were New 
Zealand white of mixed sex, 6 to 8 weeks of age. These rabbits were 
fasted 24 hours before use to eliminate glycogen from the liver. 

Fraciionation — ^The animals were killed by decapitation and the tissues 
were rapidly removed to beakers containing ice-cold isotonic KCl and 
immersed in chopped ice, weighed, and homogenized in 9 volumes of isotonic 
(8.5 per cent) sucrose solution. The homogenates were fractionated e.xactly 
as previously described (5), with one exception. In the case of the tumor 
homogenates, the nuclear fraction was not washed because some of the 
nuclei failed to sediment when resuspended and centrifuged. Four frac- 

* The authors wish to acknowledge the assistance of Mr. B. E. Kline in preparing 
the tumor transplants. 
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tions were oblained for each ( issue : a nuclear fraction (N or jNV), a mito- 
chondrial fraction (Mw), a subinicroscopic particle fraction (Pw), and a 
supernatant fluid (S;). Tlie fractions were examined microscopically. 
The nuclear fraction contained large numbers of intact nuclei, some un- 

T.\ni.r II 


Total Xi'frorrcn and Xiirlcic Acid Content of Fractions Obtained from Homogenates of 
Flrjrnrr-JohHng Rat Carcinomas 


Praciioa 

Nitrogen* | 

1 

rXA phosphorus* 

DN'A phosphorus* 

i 

Total i 

A 

Tot.il 

A 

B 

Total 1 

A 

B 


y 

1 frr ffKl 

1 

f-er cent 

y 

y 

per cent 

7 

Ilomogcnalc 

}r>m 


'..'■•.2 

(loo)t ; 

.30.7 

46.1 

(lOO)t 

30.6 

N 

r,r,f) 

37.2 

20.0 

37. S 

.37. 1 

.39.4 

85.4 

70.7 

Mw 

121 

S.3 

.'..S 


I -10.7 




Pw 

130 

S.7 

O.-I 

i 17.0 

72.2 




S: 

7.i0 1 


17. S 

1 32.2 I 

23.4 




Recovery. 


i 101.7 

o3.0 ; 

07.5 j 

i 

1 39.4 ' 

1 

85.4 

1 



■ * Per 100 mg. of fresh tissue or its equivalent. Phosphorus calculated from pen- 

tose detenninations (7). A, fraction of homogenate; B, per mg. of N. 
t Figure assumed to bo 100 per cent. 


Tablc hi 

Total Xilrogcn and Xnclcic Acid Content of Fractions Obtained from Homogenates of 

Rabbit Liver 



Nitrogen* 

PNA phosphorus* 

DNA phosphorus* 


Total 

A 

Total 

A 

B 

Total 

A 

B 


V 

per cent 

7 

per cent 

7 

7 

per cent 

7 

Homogenate 

2.5S0 

(loon 

4.7 

(lOO)t 

18.1 

22.4 

(lOO)t 

8.7 

Nw 

574 

22.2 

13.1 

28.0 

22.8 

22.3 

99.5 

38.9 

Mw 

272 

10.0 

4.0 

9.S 

17.0 




Pw 

37.3 

14.5 

15.2 

32.5 

40.8 




s- 

1200 

48.9 

14.8 

31.0 

11.8 




Recovery. . 

2179 

90.2 

47.7 

101.9 


22.3 




* Per 100 mg, of fre.sh liver or its equivalent. Phosphorus calculated from pen- 


tose determinations (7). A and B, see Table I. 
t Figure assumed to be 100 per cent. 

broken cells, and no free mitochondria. Intact nuclei or nuclear fragments 
were not visible in any of the other fractions. The nitrogen and nucleic 
acid contents of the fractions are given in Tables II and III. Each gme 
represents the average of three separate experiments. Nitrogen was e 
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Table IV 

Flcxncr-Jobling Caret iw>na 

Glycolysis obtained in 40 minutes with 30 mg. of tissue or fraction obtained 
therefrom. 


Tissue fraction 

Lactic acid 
produced 
per flask 

Net P uptake 
per flask 

Homogenate j 

1 vitcromoles 

1 7.35 

1.31 

micromoles 

3.62 

1.23 

Nuclei (N) 

Mitochondria (Mw) I 

0 

-0.13 

Microsomes (Pw) j 

0.05 

-0.76 

Supernatant fluid (S:) . ... I 

2.69 

2.07 

N+Mtv ... 1 

1.99 

1.19 

N+Pw . 1 

2.2S 

0.62 


4.23 

2.42 

Mw+P\v I 

0.3S 

-0.46 

Mw+S: 

4.25 

2.78 

Pw+Ss > 

4.S5 

2.15 


T.2S 

3.S3 


Table V 
Rabbil Liver 


Glycolysis obtained in 40 minutes with 30 mg. of tissue or fraction obtained 
therefrom. 


Tissue fraction 

Lactic acid 
produced 
per flask 

Net P uptake 
per flask 


tnicromoUs 

micromoles 

Homogenate . . 

6.26 

0.23 

Nuclei (Nw) 

0.79 


Mitochondria (Mw) 

0 


Microsomes (Pw) . 

i 0.17 

-0.31 

Supernatant fluid (S:) 

3.30 

0.42 

Nw+Mw 

0.S4 

0.49 

Nw“i"Pw 

1 74 

— n 14 

Nw+S: . 

4.76 

0.41 

Mw+Pw 

0 55 

-0.15 

Mw+S: 

4.30 

0.07 

PW+S: .. 

5.94 

0.27 

Nw+Mw+Pw+Sj 

6.55 

0.20 


temined by a micro-Ivjeldahl procedure (6) and nucleic acjds by colon 
metric reactions (7). 

Glycohjlic Mcasttrmaiis — These were made in 'Warburg respiromete 
flasks at 3S° under anaerobic conditions in an atmosphere of 95 per ceni 
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nitrogcn-5 jtor cent carbon dioxide. The gassing of flasks and other 
manipulations were as described earlier (4). To each flask the following 
additions were made: 0.30 ml. of 0.024 m potassium phosphate (pH 7.4), 
0.15 ml. of 0.5 M potassium bicarbonate, 0.30 ml. of 0.4 at nicotinamide, 
0.15 ml. of O.lo M potassium pyruvate, 0.10 ml. of 0.01 ai adenosine tri- 
phosphate ]X)lassium salt, 0.20 ml. of 0.003 ai diphosphopjTidine nucleo- 
tide potassium salt, 0.20 ml. of 0.1 m magnesium chloride, 0.10 ml. of 0.3 
at glucose, 0.15 ml. of 0.04 ai hexose diphosphate potassium salt, 0.15 ml. 
of 0.2 .M potassium fluoride, 0.30 ml. of water, isotonic sucrose (8.5 per cent) 
or tissue fraction in isotonic sucrose to make a total of 3.0 ml. Homogenate 
equivalent to 30 mg. of tissue (0.30 ml.) was used for each flask. The 
washed particle fractions were resuspended in isotonic sucrose to one-third 
the volume of the homogenate from which the}’’ were obtained and a 
corresponding amount used (0.10 ml. per flask). The supernatant fluid 
had ncces-sarily a larger volume and corresponding!}' more of it was used 
per flask (O.GO ml.). The glycolysis measurements were made as soon as 
the fractionation was completed (5 hours). Carbon dioxide output was 
measured at 3S° for 40 minutes; then 0.25 ml. of 65 per cent trichloroa- 


cetic acid M'as tipped in from the side arm of each flask to stop the reaction. 
The fla.sk contents were analyzed for lactic acid and inorganic phosphorus 
by methods previously described (6). Data for carbon dio.xide evolution 
are omitted in favor of direct analyses for lactic acid, since the latter are 
more specific. 

Table D* gives the results of glycolysis measurements with Flexner- 
Jobling carcinoma homogenates, fractions, and recombinations. Table V 
gives the results obtained similarly for rabbit liver. Each figure in the 
tables represents the average of results from three separate experiments, 
^^ariations from one experiment to another were small. 


DISCUSSION 

The data for nucleic acid and nitrogen (Tables II and III) merit 
comparison with the results obtained with other tissues (5, 8). e 
distribution of nitrogen in the fractions obtained from homogenates o 
Flexner-Jobling carcinoma was similar to that observed vith livei tu 
mors (8). The largest amounts of nitrogen were found in the nuclear 
fraction and supernatant, while the mitochondria and submicroscopic 
particle fractions contained very small amounts of nitrogen. en ose 
nucleic acid (PNA) was present in all fractions but was more concentrated 
in the mitochondrial and submicroscopic particle fractions than in the 
( homogenate. The reason for the poor recovery of desoxypentose eic 
acid (DNA) in the nuclear fraction of the FlexnerJoblmg caremoma (85. 
per cent) is not knovm, since microscopic examination o e rac ion 
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indicated that nuclear material was present only in the nuclear fraction. A 
comparison of the results obtained with rabbit liver (Table III) with those 
previously reported for rat liver ( 5 ) shows that the most striking difference 
between the two tissues was the greatly decreased amounts of nitrogen 
recovered in the mitochondrial and submicroscopic particle fractions of 
the former. As in the case of rat liver, PNA was more concentrated only 
in the submicroscopic particle fraction and the entire DNA of the rabbit 
liver homogenate was recovered in the nuclear fraction. 

The glycolysis data can be examined with regard to which fractions of 
the cell are able to glycolyze hexose diphosphate (f.e., fonn lactic acid) and 
which are able to give phosphorus uptake. The interpretation is ad- 
mittedly complicated by the possibility that lactate formation may be 
limited by lack of any of the enzymes concemed with the phosphate 
acceptor-transmitter system. TVTien these are absent from a fraction, 
its glj’-cob^sis might cease owing to lack of a phosphate acceptor. It is 
Icnown that adenosinetriphosphatase tends to be associated with the 
particulate matter (3, 8). 

The results for tumor and normal liver are quite similar with regard to 
distribution of glycolytic enz3Tnes. Liver does not give the strong phos- 
phorjdation reaction that is obtained with tumor under these conditions. 
It appears that the main glj^colytic activity is in the soluble fraction (Ss). 
However, it is not possible to get a rate approaching that of the homogenate 
without the addition to the soluble enzymes of one of the particulate 
fractions. Since the phosphorus uptakes by the soluble fraction are quite 
efficient, in relation to the amount of gb’-cob’-sis, without the addition of 
particulate fractions, it does not seem likely that the he.xokinase is lacking 
from the soluble fraction. It therefore appears that the particulate matter 
is needed mainb' to add adenosinetriphosphatase in order that phosphate 
acceptor maj' be made more rapidly available. It is obvious that no 
fraction or pair of fractions can give the full activity of the whole homoge- 
nate, though when all fractions are recombined, the original activity is 
achieved. In the tumors, no single fraction gave as high an activity per 
unit of protein nitrogen as the original homogenate. 

Some gl3’'col3ffic activity is shown b3'’ the nuclear fractions. This is 
probabb'' due to the presence of some wffiole cells, and in the case of the 
tumor to the presence of impurities from the other fractions, since the 
tumor nuclei were not washed. 


SOSaiARY' 

Homogenates of Flexner-Jobling rat carcinoma and rabbit liver were 
separated centrifugalb” to give four definite fractions: (a) a nuclear fraction, 
(b) a mitochondrial fraction, (c) a submicroscopic particle fraction, (d) a 
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“soluble’ fraction. Mc.asurcmcnts were made of lactic acid production 
and net phosphorus uptake in an optimal medium under anaerobic condi- 
tions. The glycolytic enzymes appear to be in the “soluble” fraction, 
though addition of any of the particulate fractions markedly increases the 
rate. No single fraction or pair of fractions is able to reach the activity of 
the original homogenate, though this is achieved vhen all fractions are 
recombined. It is concluded that in an3' studj’’ of glj'colj'tic enzmyes no 
fraction of the cell should bo used without making a studj' of the relation- 
ship between it and the tot.al coll contents. 
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AN INVESTIGATION OF THE BIOLOGICAL BEHAVIOR OF THE 
SULFUR ANALOGUE OF CHOLINE* 

Br GEORGE A. and VIN'CEXT du VIGNEAUD 

{From ihc Department of liiochcmistry, Cornell University Medical College, 

A'cio Vorf: City) 

(Rccoivod for publication, July 16, 1948) 

During the course of investigations on transmethylation involving com- 
pounds related to choline (1, 2), it was found that betaine (3) and also its 
sulfur analogue, dimethylthctin (4), supported growth of the white rat on 
a choline-methionine-free diet containing homocystine, signifying that these 
compounds were able to supply essential methyl groups to the body. Di- 
methylthetin (sulfobctainc) was of particular interest because of its being 
a meth 5 dsulfonium compound. In view of its remarkable growth-promot- 
ing properties when administered in a methyl-free diet to rats, the studies 
have been extended to include the corresponding sulfur analogue of choline, 
^-hj'droxyethyldimeth 3 'lsulfohium chloride, which we have termed for con- 
venience "sulfocholine chloride.” 

EXPERIMENTAL 

Preparation of Sulfocholine Chloride — ^Renshaw, Bacon, and Roblyer (5) 
i ■described the preparation of d-hydroxyethyldimethylsulfonium iodide by 
the interaction of ethjdene iodohydrin and dimethyl sulfide maintained at 
room temperature for several days. These workers noted that this method 
of preparation can result in the formation of considerable amounts of the 
trimethylsulfonium salt, due to the dissociation of the /(3-hydroxyethyldi- 
methylsulfonium iodide, formed in solution, to methyl iodide and the subse- 
quent reaction between the methyl iodide and the dimethyd sulfide present. 
Other non-crystallizable, oily products were also formed in this reaction. 
We have repeated this method of synthesis and have obtained sumlar re- 
sults. The unavoidable formation of trimethylsulfonium salts during the 
preparation of methjdsulfonium compounds, when dimethyl sulfide and an 
alkyl halide are used as starting materials, has been reported by other 
workers (0). We therefore describe an improved synthesis of sulfocholine 
iodide which obviates any formation of trimethylsulfonium iodide as a con- 
taminant. Ethylene bromohydrin is converted to methjd /3-hydroxyethyl 

* The authors wish to express their appreciation to the Commonwealth Fund and 
\ to the Lederle Laboratories Division, American Cyanamid Company, for research 
j grants which have aided greatly in this work. 

t Commonwealth Fund Fellow; present address, Department of Biochemistry, St. 
Thomas’s Hospital Medical School, London, England. 
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sulfide and the latter is treated with methyl iodide to give suKocholine 
iodide in quantitative yield. 

Ethylene bromohydrin (62 gm.) was added slowly to methyl mercaptan 
(25 gm.) dissolved in sodium methoxide (12 gm. of sodium in 200 cc. of 
absolute methanol). The formation of methyl /3-hydroxyethyl sulfide was 
immediate and w^as completed by refluxing the product for 30 'minutes. 
The supernatant liquid was fractionated under reduced pressure. The thio 
ether distilled as a colorless oil, b.p. 74-75° at 22 mm., and was halogen- 
free. Methyl /3-hydroxyethyl sulfide (9.2 gm.) w^as added to methyl iodide 
(14.2 gm.) in a tightly stoppered bottle. The formation of the suKonium 
iodide commenced ■within 10 minutes with the evolution of much heat and 
the whole reaction mixture had set to an orange crystalline mass within a 
fiurther 20 minutes. The iodide was converted to the chloride without pre- 
liminary purification by shaking in aqueous solution with fresh silver 
chloride. On removal of the silver iodide formed, the aqueous solution 
was evaporated to dryness under reduced pressure and dried at 40° by 
means of an oil pump. The product was obtained as a slightly yellow 
viscous oil -which crystallized to a highly deliquescent solid on being left 
overnight in the refrigerator. 

C«HiiSOCl. Calculated. C 33.7, H 7.8, S 22.5, Cl 24.9 
Found. “ 33.8, “ 7.8, “ 22.3, “ 24.7 

Sulfocholine chloroplatinate crystallized as orange needles from aqueous 
ethanol, capillary m.p. 190° (corrected). 

Feeding Experiments — ^Young male albino rats of the Rocldand strain 
w^ere used. The animals were placed for 1 week on a preliminary diet of the 
following percentage composition: casein 20, fat (Covo) 19, Mazola corn oil 
1, salt mixture (7) 4, sucrose 55.6, fat-soluble and water-soluble vitamins 
(4), L-cystine 0.4. The animals were then transferred to the experimental 
diet of the folio-wing composition: amino acid mixture (1)^ 18.5, fat (Covo) 
19, Mazola corn oil 1, salt mixture (7) 4, fat-soluble and water-soluble 
vitamins (4), nn-homocystine 0.87, n-cystine 0.4, the compound under test 
and sucrose to make up to 100 per cent. Sulfocholine chloride was initially 
fed at a level of 0.77 per cent, corresponding on the basis of methyl groups 
to 0.5 per cent choline chloride. In subsequent experiments lower die- 
tary levels were also used. Total liver lipides were determined by the 
method of Best, Channon, and Ridout (8). 

1 In the amino acid mixture used, a level of 1.9 per cent L-lysine hydrochloride, 
together -with an equivalent amount of sodium bicarbonate (0.9 per cent), was em- 
ployed, and the dietary level of the mixture was 18.5 per cent. 
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Rcsitlls 

Growth Preliminary growth studies carried out on rats fed 0.77 

per cent sulfocholine chloride in a methionine-choline-free diet containing 
homocyslino showed that this compound, unlike dimethylthetin, was not 
able to support growth. Furthermore, it was toxic and resulted in the 
death of the animals in 2 to 3 weeks. Growth experiments were therefore 
extended to lower dietarj’’ levels and the results obtained are given in Table 
I and compared with those for rats on the methyl-free diet with and without 


Table I 

Growth Hales of Rats on Mcthyl-Frcc Diets Supplemented with Sulfocholine Chlo- 
ride and Methyl ^-Hydroxy ethyl Sulfide 


Compound under left 

1 

Rat No. 

Days on | 
diet ! 

Weight 

change 

Food 

intake 

Growth ^ 
rate 

Condition o{ 
kidneys 




gm. 

^m.per day 



Basal methyl -free diet 

50 

12* 

81-71 

3.4 

mm 

Hemorrhagic 


25 

21 

113-95 

5.0 

BEI 

tt 

! 

28 

21 

97-89 

4.8 

-0.4 

tf 

Sulfocholine chloride 

129 

32 

78-89 

5.2 

-fO.3 

(( 

0.2% 

121 

32 

75-85 

5.3 

+0.3 

ti 

Sulfocholine chloride 

122 

19* 

92-54 

4.7 

-2.0 

Normal 

0.39% 

133 

23 

106-107 

4.6 

0.0 

CS 

Sulfocholine chloride 

44 

16* 

86-59 

4.9 


(C 

0.77% 

55 

15* 

93-65 

3.9 


tt 


52 

21*t 

105-71 

5.6 

-1.6 

1 <( 

Methj’l /3-hydroxyethyl 

43 

12* 

101-72 

2.9 

. -2.4 

Hemorrhagic 

sulfide 0.99% 

60 

11* 

I 89-74 

3.2 

-1.4 


Choline chloride 0.5% 

49 

23 

1 95-141 

8.3 

+2.0 

Normal 

51 

21 

85-153 

9.2 

+3.2 

CC 


24 

21 

108-165 

8.8 

+2.7 

(C 


* Rat died. 

t Level of compound in diet reduced to 0.39 per cent after 8 days. 


added choline. At all three levels administered, sulfocholine was unable to 
promote growth. However, at the 0.2 per cent level there was no evidence 
of toxicity and over a period of 32 days the rats maintained their body 
weights and even gained slightly. Some maintenance of body weight was 
also observed in the case of other rats at the higher dietary levels over an 
initial period of about 1 week and before the toxic effects of the compoun 
had become evident. This was in contrast to the behavior of the animals 
on the methyl-free diet. These rats suffered consistent weight losses imme- 
diately after they were placed on the experimental diet. Co^idering the 
rats on the three dietary levels as one group, it was observed that twelve ot 
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the nineteen animals under investigation maintained their body weight to 
within ±5 gm. over the first 7 days, four lost more than 5 gm., and three 
gained more than 5 gm. A number of the animals showed weight mainte- 
nance over longer periods than 7 days. The possible significance of this 
observation is discussed in a further section. 

On the basis of previous studies with choline (9) and betaine (10), the 
inability of the sulfur analogue of choline to support the grow'th of rats on 
choline-methionine-free diets supplemented with homocystine suggests 
that sulfocholine cannot supply labile methyl groups for transmethylation 
processes. This result is somewhat surprising in view of the fact that sulfo- 
choline may be considered as structurally intermediate between the two 
highly active methyl donors, choline and dimethylthetin, and may have 

+ + -)- 
(CH3),NCH;CH20H (CH5)jSCH.CH20H (CH,)2SCH,C00H 

been expected on this account to show some activity. It clearly emphasizes 
the marked structural specificity associated with the ability of a compound 
to act as a methyl donor (2). It is of interest that DubnoS and Borsook 
(11) have reported the existence in rat and guinea pig liver of three trans- 
methylases specifically concerned with the methylation of homocysteine by 
choline, betaine, and dimethylthetin, respectively. 

At levels of 0.39 per cent and above in the diet, sulfocholine proved toxic 
to rats and resulted in their death within 2 to 3 weeks. The s5nnptoms of 
toxicity were not manifest until about 1 week after the administration of the 
compound, although some rats during this period seemed more nervous and 
excitable than control animals. On about the 8th to the 10th day a black 
speck appeared in the corner of each eye in the neighborhood of the tear 
duct. This developed into an acute exudative inflammation of the anterior 
palpebral fissure of each eye. During the next 2 days this spread posterially 
along the conjunctival cutaneous junction, involving the rims of both eye- 
lids and resulting in closure of the eyes. At this stage the corners of the 
mouth and occasionally the anus were found to be inflamed and encrusted 
and the sldn of the forepaws and chest became red and inflamed. On 
autopsy no general gross pathology was observed, although in some rats 
the Iddneys appeared slightly enlarged. 

These toxic symptoms did not appear in rats fed 0.99 per cent methyl 
^-hydroxyethyl sulfide along with the methyl-free diet. However, as indi- 
cated in Table I, these animals failed to grow and died wdthin 2 weeks, as 
did one of the animals on the basal diet. They were found on autopsy to have 
markedly hemorrhagic Iddneys. This renal damage due to a methyl defi- 
ciency seems most likely to have been the cause of death. Another animal 
which survived on the experimental diet for 43 days likevdse did not show 
the eye or mouth lesions described. 
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In view of (he possibilit}’- of some of the symptoms being due to an irritant 
action of the compound as a result of contact with the diet, several rats were 
treated daily for 3 weeks with a 1 per cent aqueous solution of sulfocholine 
on a shaved patch of skin between the ears. No observable effect was 
obtained by this treatment. 

The actual mechanism of the to.vicity is not yet understood, but a number 
of possible explanations have been examined. It was considered that sul- 
focholinc might be acting as a choline antagonist, despite the fact that the 
sjTnptoms of toxicitj' do not resemble those of a simple choline deficiency. 
Eats were maintained for G days on the preliminary 20 per cent casein diet 
and were then transferred to the amino acid diet containing homocystine 
and supplemented by sulfocholine and choline in the following ways: 0.77 
per cent sulfocholine as the chloride was fed for 10 da 3 ’^s and 0.5 per cent 
choline was then added; 0.5 per cent choline was fed along with the 0.77 
per cent sulfocholine for 10 daj's and the choline level was then raised to 1 
per cent ; 0.5 per cent choline was fed for 10 days before the administration 
of 0.77 per cent sulfocholine, and after another 10 days the choline level was 
raised to 1 per cent. All rats, whether given choline some days after, simul- 
taneously with, or even prior to the addition of sulfocholine to the diet, died 
vithin 14 to 16 daj's. 

Dimethj’lthetin chloride was also unable to prevent the eye and mouth 
lesions resulting from the feeding of sulfocholine. Rats transferred from 
the methj’l-free diet containing 0.84 per cent dimethylthetin chloride to the 
same diet with added O.G per cent sulfocholine developed these symptoms 
after a period of about 10 days. Rats maintained on the preliminary 20 
per cent casein diet supplemented vath 0.77 per cent sulfocholine also de- 
veloped the toxic sjTnptoms, lost weight, and died within 2 weeks. 

Since the inflammation of the comers of the mouth and eyes caused by 
sulfocholine is suggestive of a riboflavin deficiencj’’, two rats just showing 
the to.xic sjTnptoms on the methyl-free diet containing 0.77 per cent sulfo- 
choline were given 200 7 of riboflavin per day orally for 9 daj'^s. No allevia- 
tion of the condition of the eyes and mouth was observed. This would 
suggest that sulfocholine administration was not producing a riboflavin 
deficiency. 

Lipotropic and Kidney Aniihemorrhagic Properties It was observed, as 
pointed out earlier, that, when first placed on methyl-free diets containing 
sulfocholine, rats did not generally suffer marked weight losses for the 1 st 
week and in some cases for a longer period. This finefing was interpreted 
as indicating that sulfocholine might be replacing choline in at least some 
of its metabolic roles, so making available a small amount of tissue 
for transmethylation. This idea was strengthened by the finding, inchcate 
in Tables I and II, that the Iddneys of rats fed 0.39 per cent and 0 ./ 1 per 
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cent snUoclioline were definitely protected against hemorrhagic damage. 
Subsequent experiments have shown that not one of the seventeen animHls 
fed sulfocholine at these two levels developed hemorrhagic Iddneys. Of 
seven animals fed 0.2 per cent sulfocholine, four developed hemorrhagic 
kidneys and three were protected. Determinations of total liver lipides 
were carried out on rats fed the compound at the three dietary levels, 0.2 per 
cent, 0.39 per cent, and 0.77 per cent, for a 10 day period. The results are 
shown in Table II and compared with those for rats on comparable food 
intakes of a methyl-free diet. Two rats given the methjd-free diet con- 
taining added choline for the same period gave total liver lipide values of 
3.0 and 3.7 respectively. The results clearly demonstrate that sulfocholine 

Table II 


Total Lipides of Livers of Rats Fed Sulfocholine at Various Levels for 10 Day Period 


Level of 
sulfocholine 

Rat No. 

Food intake 

Weight change 

Liver lipides 

Condition of kidneys 

per cent 


fm 

gm. 

per cent wet 
weight liver 


0 (Methyl- 

265 

48 

-7 

12.7 

Hemorrhagic 

free diet) 

271 

49 

-12 

12.9 

it 


277 

43 

-12 

9.8 

t( 

0.2 

340 

60 

-bis 

6.8 

Normal 


336 

45 

-5 

8.3 

<{ 


328 

50 

-3 

18.9 

Hemorrhagic 

0.39 

276 

59 

0 

4.S 

Normal 


2S0 

54 

+3 

5.2 

C( 


279 

50 

+2 

3.0 

C{ 

0.77 

263 

46 

-4 

3.6 

1C 


278 

46 

-7 

5.1 

1C 


274 

45 

—7 

5.4 

cc 


is actively lipotropic at dietary levels of 0.39 per cent and above. At a 
level of 0.2 per cent, the lipotropic activity was only partially evident. 

It might be pointed out that the protection against fatty livers and 
hemorrhagic Iddneys was not the result of a low food intake, since the 
protected animals ate an amount equivalent to that consumed by the 
control animals. 

It has been established that the lipotropic properties of arsenochohne 
(12, 13) and triethylcholine (14) are due to the ability of these compounds 
partly to replace choline in the liver phospholipides. It seemed likely 
that sulfocholine might be lipotropic for the same reason and an attempt 
was therefore made to detect sulfocholine in the liver fat of animals fed 
this compound. The livers were first homogenized and extracted with 
hot ethanol. This process would be expected to remove any unbound 
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sulfoclioline present, as well as the total lipides. The residue obtained 
upon evaporation of the ethanol was then extracted with hot absolute 
ether, thus separating the lipides from any insoluble free sulfocholine. 
Upon removal of the solvent, the individual liver fats were pooled in groups 
of three and heated in sealed tubes with excess sodium ethoxide at 70° for 
3 days. Under these conditions we have found sulfocholine to be decom- 
posed to dimethyl sulfide, as in the case of other alkyl dimethylsulfonium 
salts (15). The contents of the tubes were then examined for dimethyl 
sulfide by breaking each tube in a stout bottle connected to a chain of 
bubbler tubes containing saturated mercuric chloride solution. Air was 
drawn through the apparatus, whereupon a voluminous white precipitate 
was formed in the first mercuric chloride trap. This mercuric chloride 
complex was recrystallized from an acetone-benzene mixture. The melting 
point of the compound (151° (corrected)) agreed with that of the corres- 
ponding mercuric chloride complex prepared from pure dimethyl sulfide, 
as did the melting point of a mixture of the two substances. Analyses for 
sulfur and chlorine were made on the mercuric chloride derivative of the 
sulfide obtained from the liver fats and were compared -with those for 
authentic dimethyl sulfide. The mercuric chloride derivative of dimethyl 
sulfide possessed a sulfur content of 6.45 per cent and a chlorine content of 
23.2 per cent. The mercuric cliloride derivative of the sulfide from the 
li^’or fats possessed a sulfur content of 6.26 per cent and a chlorine content 
of 23.0 per cent. The volatile sulfide thus appears to be dimethyl sulfide. 
Its isolation from liver fats so treated with sodium ethoxide affords evi- 
dence that sulfocholine was present in combined form in the phospholipides. 
This is in accord with the deductions from the analytical data in Table 
II and establishes the lipotropic nature of sulfocholine. 

The authors wish to thank Miss Josephine E. Tietzman for performing 
the microanalyses and Mrs. Audrey Kellogg Hafford for technical assistance 
in connection with this problem. 


SUMMARY 

An improved synthesis of / 3 -hydroxyethjddimethylsulfonium iodide and 
its conversion to the corresponding chloride are described. This latter 
compound, referred to as “sulfocholine chloride,” has been found to be 
incapable of supporting the gi'owth of rats on diets free of choline and 
methionine and containing homocystine. The compound was toxic above 
a level of 0.2 per cent in the diet. Sulfocholine has been found to be active 
in preventing the development of fatty livers and renal hemorrhages in 
rats fed the methyl-free diet. 

A volatile sulfide has been isolated from the livers of such rats by a 


1036 


SULFOCHOLINE 


procedure which is known to cause the degradation of sulfocholine to 
dimethyl sulfide. The sulfide has been identified as dimethyl sulfide. 
This is presented as evidence that the lipotropic activity of sulfocholine 
is due to its incorporation into liver phospholipides in place of choline. 
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(Received for publication, August 3, 1948) 

P^e^■ious studies carried out in this laboratory (1-4) have shown that the 
•only compounds so far known to be capable of supporting the growth of the 
rat on a choline-metliionine-free diet supplemented with homocystine are 
•choline itself (and choline derivatives, c.g. lecithin and phosphorylchohne), 
dimethylethyl-jS-hydroxyethylammonium chloride (monoethylchohne), be- 
taine, and dimethyl thetin (sulfobetaine). On the basis of experiments 
involving the feeding of deuteriocholine and deuteriobetaine to rats (5, 6), 
the activity of compounds in supporting growth under these conditions is 
interpreted as signiUdng that they are able to transfer methyl groups to 
homocystine to form methionine. In addition to promoting growth, these 
methyl-donating compounds are also able to prevent the formation of fatty 
livers (3). However, other compounds devoid of available methyl groups 
nre active lipotropic agents, and thus the ability to act as a lipotropic agent 
cannot be considered sj'nonjTnous ■noth the ability to act as a donor of 
essential methyl groups (7). 

In -view of the pronounced methyl-donating activity of the sulfur ana- 
logue of betaine (4) and the lack of this activity in the case of the corre- 
sponding suKur analogue of chohne (8), it became of interest to extend 
these investigations to other sulfonium compounds in order to gain further 
information of the structural specificity involved. Compounds tested 
included methylethylthetin, diethylthetin, and dimethyl-/3-propiothetin. 
The last named compound appeared of special significance, since it has 
recently been isolated from a marine alga, Polysiphonia fasligiata, by 
Challenger and Simpson (9). In a preliminary communication we have 
already reported it to be an excellent substitute for choline in methyl-free 
diets containing homocystine (10). 

EXPERIMENTAL 

Preparation of Compounds — S-Methylthioglycolic acid was prepared, by 
methylation of ethyl thioglycolate with methyl iodide in alcoholic sodium 

* The authors wish to express their appreciation to the Commonwealth Fund 
and to the Lederle Laboratories Division, American Cyanamid Companj , for re- 
search grants which have aided greatly in this work. . , • . ct 

t Commonwealth Fund Fellow; present address, Department of Biochemistry, bt. 
Thomas’s Hospital Medical School, London, England. 
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methoxide and hydrolysis of the resulting ester with sodium hydroxide. 
Dimethylthetin, methylethylthetin, and diethylthetin were obtained as 
their chlorides by the interaction of monochloroacetic acid with dimethyl, 
methyleth 3 d, and diethyl sulfides, respectively, in nitromethane as solvent. 
Dimethyl-/3-propiothetin chloride was prepared by treatment of /l-iodo- 
propionic acid with dimethyl sulfide in nitromethane and conversion of the 
resulting sulfonium iodide to the chloride by shaking with dry silver 
chloride in absolute ethanol. 

Feeding Experiments — ^Young male albino rats of the Rockland strain 
were used. The animals were placed on a preliminary diet containing 20 
per cent casein (Diet I, composition given in the following section). After 
being kept on this diet for approximately 1 week they were transferred for 
7 days to a diet containing pure amino acids as the protein component (1)^ 
together with 1 per cent DL-methionine (Diet II). The rats showing most 
satisfactory growth at this stage (a growth rate of 2 to 3 gm. per day) were 
then selected for the feeding of the compounds under investigation. The 
animals were transferred to a diet similar to Diet II, with the exception that 
the methionine was replaced by 0.87 per cent DL-homocystine together with 
the compound under test (Diet III). 

Composition of Diets — The percentage composition of the diets was as 
follows: Diet I, casein 20, fat (Covo) 19, sucrose 55.6, salt mixture (11) 4, 
Mazola com oil 1, fat-soluble and water-soluble vitamins as reported in a 
previous publication (4), L-cystine 0.4. Diet II, amino acid mixture (1)^ 
18.5, sucrose 56.1, DL-methionine 1.0, L-cystine 0.4, fat, salt mixture, and 
^dtamins as in Diet I. Diet III, amino acid mixture (1)* 18.5, DL-homo- 
cystine 0.87, L-cystine 0.4, fat, salt mixture, and vitamins as in Diet I, the 
compound rmder test and sucrose to make up to 100 per cent. Methyl- 
thioglycolic acid, dimethylthetin chloride, and dimethylpropiothetin chlo- 
ride were administered in amounts corresponding on the basis of methyl 
groups to an arbitrarily chosen level of 0.5 per cent choline chloride. 
Methylethylthetin chloride and diethylthetin chloride were given in 
amounts equivalent on a molar basis to the dimethylthetin chloride fed. 

Preparation of S-Trideuteriomethylthioglycolic Acid — ^Ethyl thioglycolate 
(2.4 gm.) was dissolved in sodium methoxide (0.46 gm. of sodium in 7 cc. 
of absolute methanol) at —10°, and 3.0 gm. of trideuteriomethyl iodide (12) 
were added gradually. The resulting solution gave a negative test for the 
sulfhydryl grouping. The methanol was evaporated, the residue was 
heated vdth 3 cc. of water, and the ethyl deuteriomethylthioglycolate was 
saponified by the dropvfise addition of sufficient 15 per cent potassium 

1 In the amino acid mixture used, a level of 1.9 per cent of L-lysine hydrochloride, 
together Tvith an equivalent amount of sodium bicarbonate (0.9 per cent), was em- 
ployed, and the dietary level of the mixture was 1S.5 per cent. 
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hj'droxide to keep the reaction mixture alkaline to brom-thymol blue. 
The solution ivas then acidified witli concentrated hydrochloric acid and the- 
trideuteriometbylthioglycolic acid was extracted wth two 7 cc. portions of 
ether, dried over sodium sulfate, and distilled at 112-113° at a pressure- 
of 12 mm. 

Analyses — Triclculcriomctliyltl'ioplycolic acid 

EJcincntary.= C/ilcuJflfcd, S 29.77; found, S 29.71 
Deuterium. 53.1 ± 0.7 atom % excess in methyl group 

Feeding ErpcTimcnl — Two So gm. rats were maintained on the prehmi- 
narjr diet (Diet I) for C daj's and then were transferred for 11 days to Diet 
III together with 1.14 per cent S-trideuteriomethylthioglycolic acid and 
0.9 per cent sodium bicarbonate to neutralize the acid. (The addition of 
the base was effective in reducing almost completely the odor of the com- 
pound in the diet.) Food intakes were determined daily and further 
supplements of the sodium salt of trideuteriomethylthioglycolic acid in 
water were given by stomach tube in order to make up the daily intake to 
70 mg. or to that amount which would be supplied in 6 gm. of diet. Since 
the food intakes were 4 to 5 gm. per day, the amoimt admim'stered by 
stomach tube represented only a small fraction of the total dose. At the 
end of the period the rats were sacrificed. Carcass choline was isolated as 
the chloroplatinatc, creatine as creatinine potassium picrate (12), and both 
compounds were analyzed for deuterium (13). 

Results 

In Table I are shovTi the growth rates and food intakes of fats fed the 
various compounds under discussion in methyl-free diets contaim’ng homo- 
cystine. For comparison the corresponding data for rats on a methyl-free 
diet with and without the choline supplement are given. Dimethylthetin 
and dimethylpropiothetin were clearly able to support growth as well as 
choline itself and produced no apparent toxic effects at the dietary levels 
used. The rats maintained on these compounds remained in excellent 
health throughout the experiment and in no case was there a detectable 
growth lag during the transfer from the methionine-containing diet to the 
diet containing homocystine and the compound under test. Methylethyl- 
thetin appeared to be somewhat less active as a methyl donor. Two of the 
rats on tWs compound grew as well as those on dimethylthetin; four animals 
grew at a slower rate although they fared substantially better tha,n those 
on the methyl-free diet; one died after 10 days. Diethylthetin was inactive 
in supporting growth. 

‘ The calculated value is based on the increased molecular -sveight due to deute- 
rium in the molecule. 
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Both dimethylthetin and dimethylpropiothetin prevented the formation 
of hemorrhagic Iddneys in the animals studied. Methylethylthetin 
definitely prevented hemorrhagic kidnej’-s in five out of the seven animals. 


Table I 


Growth Rates and Food Intakes of Rats Fed Dimethylthetin and Related Compounds 


Compound under test 

Rat No. 

Days on 
diei 

Weight 

change 

Food 

intake 

Growth 

rate 

Condition of 
kidney 

Basal methyl -free diet 

3650 

27 

gm, 

96-69 

gm. per 
day 

4.1 

gm. per 
day 

-1.0 

Hemorrhagic 


3654 

27 

99-89 

4.6 

-0.4 

it 


3660 

10* 

103-86 

4.3 

-1.7 

tt 


50 

12* 

81-71 

3.4 

-0.8 

(( 


25 

21 

113-95 

5.0 

-0.9 

ti 


28 

21 

97-89 

4.8 

-0.4 

it 

Choline 0.5% 

3643 

23 

93-139 

8.6 

+2.0 

Normal 


49 

23 

95-141 

8.3 

+2.0 

ti 


51 

21 

85-153 

9.2 

+3.2 

tt 


24 

21 

108-165 

8.8 

+2.7 

tt 

Dimethylthetin 0.84% 

3644 

24 

90-150 

7.4 

+2.5 

it 


3658 

24 

107-186 

9.2 

+3.3 

tt 


3661 

27 

78-124 

6.6 

+1.7 

tt 

Dimethylpropiothetin 

41 

21 

98-158 

8.8 

+2.9 

ft 

0.92% 

48 

21 

88-137 

7.9 

+2.3 

ft 


57 ’ 

21 

101-180 

9.3 

+3.8 

tt 

^Methylethylthetin 

3649 

16 

88-94 

5.7 

+0.4 

tt 

/■ 0.92% 

3651 

io*t 

103-71 

4.0 

-3.2 

tt 


3653 

16 

83-104 

6.9 

+1.3 

tt 


3656 

23 

89-145 

9.4 

+2.4 

tt 


47 

21 

84-93 

5.1 

+0.4 

? 


54 

23 

96-136 

6.7 

+1.7 

Hemorrhagic 


26 

21 

109-163 

8.1 

+2.6 

Normal 

Diethylthetin 0.99% 

3645 

27 

85-61 

3.5 

-0.9 

Hemorrhagic 


3655 

27 

93-79 

5.2 

-0.5 

it 


3657 

27 

105-84 

4.9 

-0.8 

tt 

S-Methylthioglycolic 

3646 

13* 

89-75 

3.5 

-1.1 

tt 

acid 0.5% 

3659 

27 

104-93 

5.2 

-0.4 

tt 

S-Methylthiogb’colic 

3648 

14* 

103-58 

3.4 

-3.2 

tt 

acid 1.14% 

3652 

27 

85-63 

3.5 

-0.8 

tt 


* Rat died. 

t Cause of death unknown. 


In another rat of this group, protection was doubtful. Diethylthetin was 
completely ineffective. 

Dimethylthetin has previously been reported as being hpotropic by 
Welch, as referred to by Moyer and du Vigneaud (3). In Table II are 
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shown parallel data obtained from rats given methylethylthetin and di- 
methylpropiothetin. The liver fat values are compared with the corre- 
sponding figures for rats on a methyl-free diet with and without added 
choline. Dimethylpropiothcfin was highly active as a lipotropic agent, as 
would be expected from its ability to promote growth on homocystine diets 

Table II 


Total Liver Lipidc Values 


Compoaod under test 

Rat No. 

Days on diet 

Food intake 

Total liver 
lipides 




gm. per day 

per cent wet 
•weight liver 

Bas.al niethyl-frcc diet 

25 

21 

5.0 

16.6 


28 

21 

4.8 

20.6 

Choline 0.5% 

3C13 

23 

S.6 

4.7 


24 

21 

8.8 

4.8 


51 

21 

9.2 

4.1 

Dimethylpropiothotin 0.92% 

57 

21 

9.3 

5.2 


41 

21 

8.8 

5.2 


48 

21 

7.9 

4.0 

Methylethylthetin 0.92% 

3049 

16 

5.7 

4.4 


3053 

16 

6.9 

5.3 


3650 

23 

9.4 

5.5 


47 

21 

5.1 

12.5 


54 

23 

6.7 

5.6 


20 

21 

8.1 

10.9 


Table III 

Feeding Expcrimcnl with S-Trideuleriomclhylthioglycolic Acid* 



1 

Change in i 
body vreigbt ' 

Cholinct isolated 1 

1 

Creatine isolated 

Rat No. 1 

1 

Deuterium in 
methyl groups 

Tct cent 
derived from 
compound fed 

1 

Deuterium in 
methyl groups 

Per cent 
derived from 
compound fed 

39 

21 

m 

0.49 ± 0.25 
0.52 ± 0.13 

m 


0.99 

0.70 


* The experiments were conducted over an 11 day period. 

f Analyses for choline chloroplatinate: Rat 39, calculated, Pt 31.6, found, 31.8, 


Rat 21 , calculated , P 1 31 .6, found, 32.2 per cent. 

and to prevent renal hemorrhages. Methylethylthetin was again not as 
active as dimethylthetin, the former compound protecting four out of the 
six rats from fatty livers. 

As shown in Table I, S-methylthioglycoIic acid, the sulfur counterpart of 
dimethylglycine, was unable to support growth at the two levels fed. e 
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higher level corresponds on the basis of meth 5 d groups to 0.5 per cent 
chohne, but since it was considered that the compound might be toxic at 
such a concentration a lower level was also used. The compound was also 
unable to prevent the onset of hemorrhagic Iddneys. 

In view of the close structural relationship of S-methylthioglycolic acid 
to dimethylthetin, it seemed possible that methjdthioglycolic acid might be 
capable of acting as a precursor of dimethylthetin in the body, thus acting 
as an indirect methyl donor. It may be recalled that dimethylamino- 
ethanol (14) has been shovm to act as an indirect methyl donor, being unable 
to promote growth appreciably, yet able to furnish methyl groups which 
eventually find their way into tissue creatine and choline. 

To investigate the r61e of methylthioglycolic acid, this compound was 
prepared with its methyl group labeled TOth deuterium and was fed to two 
rats. After a period sufficiently long for detectable transmethylation to 
have taken place, the rats were Idlled and the tissue choline and creatine 
were analyzed for deuterium. The results are shown in Table III. Less 
than 1 per cent of the deuteriomethyl groups was found to be present in the 
choline and creatine and in the case of the latter compound the amount 
present was within the range of experimental error. The extent of this 
methyl transfer is comparable to that obtained from sarcosine (15) and 
dimethylglycine (6), both regarded as poor methyl donors. Tliese results 
indicate that methylthioglycolic acid is not an active source of methyl 
groups. In addition, the results suggest that the methylation of methyl- 
thioglycolic acid to dimethylthetin does not take place to an appreciable 
extent in the body under the conditions described. 

DISCUSSION 

The demonstration by du Vigneaud, Moyer, and Chandler of the ability 
of dimethylthetin to promote the growth of rats on methyl-free diets (4), 
together with the present findings of the similar activity of dimethylpropio- 
thetin (10), clearly marlcs these methylsulfonium compounds as a new class 
of methyl donors. These in vivo experiments are in agreement ivith the 
independent in vitro experiments of Dubnoff and Borsook (16), who have 
shown dimethylthetin® to be an extremely active methyl donor for homo- 
cysteine in liver homogenates. The earlier observation of Welch (3) that 
dimethylthetin is a lipotropic agent and our data that methylethylthetin 
and dimethylpropiothetin are also lipotropic add further support. In 
addition, Welch^ has reported that dimeth 3 dthetin and methylethylthetin 

® In the oral presentation of their paper on dimethylthetin (meeting of the Ameri- 
can Society of Biological Chemists at Atlantic City, March 15, 1948), the abstract 
oi vrhich is referred to, Dubnoff and Borsook reported that dimethylpropiothetin 
was also activ^e in promoting methionine synthesis. 

‘Welch, A. D., private communication. 
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are able to protect, animals on methyl-free diets from renal hemorrhagic 
damage. Our results are in confirmation and also include dimethyl- 
propiothetin as an antiliemorrhagic agent. 

The ]rosition of mcthj’lethylthctin as a methyl donor appears to be a 
border lino one and intermediate between dimethylthetin and diethylthetin, 
since it was callable of supporting good growth in only two out of the seven 
animals under test. The compoitnd was able to protect all but two of the 
animals from fatty livers and all but two from renal hemorrhagic damage. 
Its lower activity compared with dimethylthetin may possibly be associat- 
ed with the presence in the molecule of an ethyl group bound in a simi lar 
manner to the methyl group. It has previously been observed that the 
replacement of the methyl groups in choline and methionine by ethyl groups 
leads to decreased growth-promoting activity and increased toxicity (3, 17). 

Diethylthetin was unable to support grov^th and animals fed on this 
compound developed hemorrhagic lddne 3 fs. Welch has found it to be 
inactive as a lipotropic agent.'* Triethylcholine, also devoid of methyl 
groups, is Imowu, however, to be a lipotropic and antihemorrhagic agent 
on account of its abilitj’’ to replace the choline molecule as a whole in certain 
of its metabolic roles (3, 18). Diethylthetin must therefore be unable to 
replace the entire choline molecule or to form a further compound in the 
bod}’’ which is effective. In this respect it resembles arsenobetaine and 
phosphobetaine (19). 

The original discovery by Challenger and Simpson of the presence of 
dimethylpropiothetin in Polysiphonia fasligiata (9), which prompted 
growth studies on this compound, introduces the possibility that substances 
of this type may be present in other organisms. Moreover, the fact that 
dimethylthetin and its homologue have been found to be active methyl 
donors in the rat coupled with the report of Dubnoff and Borsook (16) that 
an enzyme specifically catalyzing the methylation of homocysteine by 
dimethylthetin exists in rat and guinea pig liver tissue would suggest that 
either dimethjdthetin or a homologue or closely related derivative may 
actually be a tissue constituent and may take part in normal methylation 
processes. If this is the case, such compounds would have to be considered 
as potential dietary factors, and a diet deficient in methionine, choline, and 
betaine alone could no longer be considered as methyl-free unless methyl- 
donating thetins had been shown to be absent. 

Many of the earlier studies on the metabohsm of choline, betaine, and 
related compounds have been directed towards modification of the structure 
of the compound in question in order to determine to what extent the 
molecular configuration may be altered without effecting a loss in biological 
activity. With lipotropism as the biological activity in mind, it has been 
possible, in the case of choline, to make considerable structural changes. 
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including complete replacement of methyl by ethjd groups (18), and re- 
placement of the nitrogen atom by phosphorus (19), arsenic (20), and sulfur 
(8) with retention of the lipotropic properties. The most reasonable 
explanation at the present time seems to be that the various substituted 
cholines are being utilized in the liver for phosphohpide formation in lieu 
of choline itself and are active merely by virtue of being choline analogues. 

In the case of methyl-donating ability, if the assumption is made that 
dimethylthetin is active because it is the sulfur analogue of betaine, then 
one might expect sulfocholine to be at least as effective, if not more so. 
However, it has been shovm not to be a methyl donor and to be toxic above 
a certain dietary level (8). Furthermore, whereas dimethylpropiothetin 
exhibits a marked growth-promoting activity, its nitrogen analogue, /3- 
alanine betaine, is toxic and apparently not a methyl donor (3). The 
concept of the methylsulfonium compounds under discussion as being 
methyl donors simply on account of their structural similarity to nitrogen 
compormds aheady IcnovTi to take part in transmethylation reactions 
would see n misleading, particularly in view of the existence of a separate 
enzyme system concerned ndth transmethylation from these compounds 
(16). The thetins referred to must be considered as methyl donors in their 
ovm right and not because of their analogy to betaine. 

From an examination of the structures of the six compounds which have 
been shown to be capable of methylating homocystine in vivo, namely 
choline, monoethylcholine, betaine, dimethylthetin, methylethylthetin, and 
dimethylpropiothetin, it appears that the structural criterion associated 
y with this process is the presence, in the molecule of the potential methyl 
“ donor, of a methyl group or groups directly attached to an onium pole. 
Growth-promoting activity is not exhibited by compounds lacldng either a 
methyl group or an onium structure, although lipotropic properties may 
stiU be exhibited by such compounds. On the one hand, triethylcholine 
(1, 3) and diethylthetin, lacking available methyl groups, are inactive in 
promoting growth. On the other hand, N-methyl and S-methyl com- 
pounds such as methylaminoethanol and dimethylaminoethanol (14), 
sarcosine (15), dimethylglycine (6), methyl /S-hydroxyethjd sulfide (8), and 
S-methylthioglj'’colic acid, which lack the onium structure, are likewise 
inactive in promoting growth. This criterion for methylation activity is 
further coupled vdth an enzymic specificity, since many other methylated 
onium compounds, including arsenocholine (21), N-methylnicotinamide 
(22), trigonelline (3), and various betaines (3) are ineffective in this respect. 

SUJIMARY 

Growth studies on rats fed metliionine-choline-free diets supplemented 
Vfith homocystine together with a number of compounds related to di- 
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mclhyUhctin sliow that, in addition to the latter compound, dimethyl- 
propioihcfin is a liiglily active methyl donor. Methylethjdthetin is less 
active and dictliylthctin is quite inactive. 

Diinctliylpropiolhctin is an cflcctivc lipotropic and Iddney antihemor- 
rhagic agent, mcthylcthyllhctin is again less active, and diethylthetin shows 
no protective properties. 

S-iMcthylthioglycolic acid is unable to support growth or to protect ani- 
mals against renal hemorrhagic damage. Its inability to act as an efBcient 
methyl donor to homocystinc has been confirmed by labeling the S-methyl 
group with deuterium. Inappreciable amounts of the isotope were found 
to be present in the methyl groups of tissue choline and creatine after 
11 da 3 ’s. 

The relationship of mcthj'l-donating ability to chemical structure is 
discussed. 
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BIOSYNTHESIS OF PENICILLINS* 


vni. STUDIES WITH NEW BIOSYNTHETIC PENICILLINS ON 
PENICILLIN RESISTANCE 

By otto K. BEHRENS akd MARY JANE KINGKADE 
(From (he Lilly Research Laboratories, hidianapolis) 

(Rccoivcd for publication, Julj' 24, 1948) 

It lias been reported that the natural penicillins shoiv a similar specificity 
of action on various microorganisms. Eisman (1) has demonstrated that a 
Staphylococcus tvhich had acquired resistance to benzylpenicillin (penicillin 
G) was also resistant to p-hj'droxybenzyl- and 2-pentenylpenicillins (penicil- 
lins X and F). However, several investigators have observed that the 
relative actiidty of the penicillins was not regular, but varied from organism 
to organism (c.g. (2)). It was of interest to determine whether the activity 
of the new biosjTithetic penicillins (3) would fall in a similar narrow range of 
variation, or whether such penicillins, containing acjd groups derived from 
biologically foreign substances, would exhibit a wider range of action. 

Resistance of organisms to penicillin has been ascribed to at least two 
different mechanisms. One of these involves production of penicillinase 
either as an intracellular or extracellular enzyme. The other does not 
appear to involve penicillinase. In determining the specificity of action of 
the new penicillins, tests were, therefore, conducted (a) by comparing the 
rates of reaction of these compounds vdth penicillinase, and {h) by determin- 
ing their effectiveness against a benzylpenicillin-resistant strain of Staphy- 
lococcus aureus 209-P which did not produce demonstrable quantities of 
penicillinase. 


EXPERIMENTAL 

Reactions of Penicillinase loilh Some Biosynthetic Penicillins — The mano- 
metric method of Henrj" and Housewright (4) for assaying penicillin proved 
to be a simple and relatively precise procedure for follovdng the peni- 
cillin-penicillinase i-eactions. The following solutions were used in the de- 
terminations. 

1. Sodium bicarbonate buffer, pH 7.0, prepared by dissolving 357.1 mg. 
of sodium bicarbonate (Baker) in 500 ml. of distilled water and equilibrating 
the solution with a gas mixture of 95 per cent 02-5 per cent CO 2 . 

* For paper VII, see Soper, Q. F., Whitehead, C. W., Behrens, 0. K., Corse, J., 
and Jones, R. G., J. Am. Chem. Soc., 70, 2849 (1948) . 
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2. Penicillinase solution, prepared immediately before use by dissolving 
0.7 mg. of penicillinase^ in 12.5 ml. of the bicarbonate buffer. 

3. Penicillin solutions, prepared by dissolving the sodium salt of the 
penicillin in enough bicarbonate buffer so that 0.5 ml. of solution con- 
tained 1 X 10“^ mole of the sodium penicillin. The concentrations of 
penicillin solutions were checked by bioassay. 

Constant volume Warburg respirometers were used. The main com- 
partment of the vessel contained 2.5 ml. of bicarbonate buffer and 0.5 ml. 


Table I 

Deslrnclion of Penicillins by Penicillinase 


PenicilUn, sodium salt 

No ofassajs 

k ratio* 

Phenoxymethyl- . 

2 


j3-Pheno\yethylmercaptomethyl- 

15 

■El 

/3-Bromoallylmercaptomethyl- 

4 

■El 

a-Thiophenemethjd- 

4 


w-Trifluoromethjdphenj'lmercaptomethjd- 

2 

1 14 

Allj’lmercaptomethyl- 

6 

1 OS 

o-Fluorobenzyl- 

2 

1 07 

Ethylmercaptomethyl- 

6 

1 05 

p-Bromobenzyl- 

2 

1 02 

Isopropylmercaptomethyl- 

6 

1 02 

Phenylselenomethj'l- 

2 

1 01 

Benzyl- 

37 

1 00 

p-Metho\j benzjl- 

1 

0 98 

Isoamjdmercaptomethj'l- 

9 

0 97 

n-Butylmercaptomethyl - 

9 

0 92 

7i-Propylmercaptomethyl- 

6 

0 92 

m-Fluorobenzjd- 

2 

0 90 

p-Tolj’lmethjl- 

2 

0 83 

Cj'clopentj'lmethj'l- 

4 

0 79 


* (Rate of reaction of penicillinase and new penicillin)/(rate of reaction of peni- 
cillinase with benz 3 'lpenicillin). The values represent the average of the several 
determinations. 


of penicillin solution. The system was equihbrated vuth the gas mixture at 
37.5°, closed, and the enzyme solution (0.5 ml.) from the side arm was 
tipped into the leaction vessel. The rate of carbon dioxide evolution was 
followed for 100 minutes. Duplicate or triplicate determinations weie 
made on each penicillin in comparison vnth benzylpenicillin. 

The rates of CO: evolution varied considerably from one run to another, 
presumably reflecting differences in enzyme concentration. However, the 
ratio of the rates of reaction of an experimental penicillin to that of benzyl- 

' Penicillinase A, furnished by the courtesy of Dr. George E. Ward of the Sohenley 
Laboratories, Inc., Lawrenceburg, Indiana. 
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penicillin (h ratio) was reproducible to ±G per cent in all but one case. 
The h ratio varied from 0.79 for cyclopcntylmethjdpenicillin to 1.40 for 
phenoxymetbylpcnicilliu (c/. Table I). Thus, though the biosynthetic 
penicillins reacted with penicillinase at significantly different rates, the 
differences were not great enough to be of therapeutic importance. 

Effect of Some Biosijnihctic Penicillins on Bcnzylpenicillin-Resistant 
Slaplnjlococcus aureus — A strain resistant to 200 units per ml. of benzyl- 
penicillin in broth culture was developed bj’’ serial transfers of Staphy- 
lococcus aureus 209-P through broth and on agar plates containing increasing 
concentrations of penicillin. 


T.milk II 

Effcclivcnois of /Ii'o.ti/nf/icfi'c Penicillins on IJcnzijlpcnicillin-Iiesislanl Strain of 

Staphylococcus aureus 


renicUlin (N'a siU) 

Purity 

Average relative 
effectiveness 

o-Thiophcnemcthvl- 

per cent 

95 


p-Bromobenzyl- 

89 

1.6 

»n-Fiuorobcnzyl- 

100 

1.2 

p-Mcthoxvbonzyl- 

99 

1.0 

Ethylmercaptonicthyl- 

9S 

1.0 

Benzyl- j 

100 

1.0 

o-Fluorobenzvl- 

94 

0.96 

Cyclopcntvltnctliyl- 

96 

0.62 

p-Tolylnietliyl- 1 

96 

0.62 

Phenylselenomethyl- | 

98 

0.60 

Ti-Propvlm(»rcfipt,nTnof,hvl- 

98 

0.54 

Isoprop 3 'lmercaptoniethyl- ■ 

97 

0.47 

S-Bromoallyl- 

91 

0.41 

Allj’lmercaptoinetliyl- 

96 

0.40 

Phenoxj'methyl- . 

90 

0.35 

n-Butvlmfironptomftt.hvl- 

1 98 

0.32 

Isoamylmercaptomethj'l- 

94 

0.26 

^-Phcnoxyetbi’lmercaptometbyl- 

98 

0.21 


Penicillin assays were performed by the plate method (5) ^vith paper 
dislts (6) by use of the resistant strain of Staphylococcus aureus as inoculum. 
An 0.018 M solution of benzylpenicillin (10,000 units per ml.) produce an 
18.8 mm. zone. 

Concentrations of penicillin were plotted against diameters of the corre 
spending zones of inhibition. The ratios of moles of benzylpemci hi an 
biosynthetic penicillins giving equal zones were determined at three or our 
points on the curve and the average ratios were calculated (cf. ^ ^ )■ 

Generally, the relative activities of the new penicillins decrease as con 
centrations increased. However, ethylmercaptomethylpemcillin an 
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p-mefhoxybenzj'lpenicillin Avere less effective than benzylpenicillin at lower 
concentrations but became more effecth’^e at 0.045 m (20,000 units per ml.) 
and 0.026 m (15,000 units per ml.) concentration respectively. 

-Tbe resistant organism apparently did not produce penicillinase. Fil- 
trates from nutrient brotb cultures did not inactivate benzylpenicillin in 4 
hours at room temperature. 10 mg. per cent suspensions of cells wbicb bad 
been extracted witb acetone and etber did not enable a sensitive strain of 
Staphylococcus aureus to sm^vive in increased concentrations of penicillin. 

Table II also gives figures concerning tbe purity of tbe penicilbns tested. 
These values represent the ratio of the found analytical value to tbe calcu- 
lated analytical value for the analysis which deviated most from tbe theoreti- 
cal value. In the penicillins Avhich contained a unique group that could be 
determined (i.e., OCH3, Br, Se), the ratio should be an accurate measure of 
purity. In other penicillins, for which C, N, or S determinations were 
utilized, this measure of purity is only approximate, as some possible con- 
taminating materials also may contain these elements. 

In spite of the fact that the resistance was induced by subculturing in the 
presence of benzylpenicillin, this penicillin was one of the most effective in 
preventing growth of the organism. 

No correlations could be made between the action of the new penicillins 
with penicillinase and the bacteriostatic action of the penicillins on benzyl- 
penieillin-resistant Staphylococcus aureus. 

The authors express their gratitude to Dr. J. M. McGuire for assistance 
vdth media and assays and to E. Brown Robbins for assistance wdth the 
manometric wmrk. 


SUMJIAKT 

1. The rate of destruction of a number of biosynthetic penicillins by 
penicillinase has been compared with the rate of destruction of benzyl- 
penicillin. 

2. The relatiA^e effectiveness of a number of biosynthetic penicillins on a 
strain of benzylpenicillin-resistant Staphylococcus aureus has been deter- 
mined. 
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THE ROLE OF TRYPTOPHAN IN THE NUTRITION OF 
DOGS ON NICOTINIC ACID-DEFICIENT DIETS* 

By S. a. SIXGAL, V. P. SYDEXSTRICKER, akd JULIA M. LITTLEJOHN 

{From the Departments of Biochemistry and Medicine, University of Georgia School 

of Medicine, Augusta) 

(Received for publicntion, July 23, 1948) 

It lias now been deBnitely established that there exists an interchange- 
ability of nicotinic acid and tri^ptophan in the nutrition of some animals 
on diets deficient in the vitamin and containing only suboptimal amounts 
of the amino acid (1-8). 

Because the dog has been employed as the experimental animal in the 
classical investigations on nicotinic acid deficiency, it seemed of interest to 
determine whether this same nicotinic acid-tryptophan relationship exists 
for this species. The results of these nutrition experiments, together with 
those obtained in the study of the urinary excretion of some nicotinic acid 
derivatives under these experimental conditions, are presented here. 


EXPERIMENTAL 


Twenty-two weanling, mongrel puppies, 7 to 8 weeks old, were used in 
\ these studies. The basal ration consisted of casein (Labco) 19, sucrose 66, 
salts (9) 4, and cottonseed oil 11 parts. All rations were fed ad libitum and 
each dog received in addition, per kilo of body weight per day, 100 j each 
of thiamine, riboflavin, and pyridoxine, 600 y of calcium pantothenate, and 
50 mg, of choline chloride. Folic acid and biotin were adimnistered at a 
level of 30 and 20 y, respectively, per dog per day. The required amounts 
of vitamins were given in 20 per cent ethyl alcohol solutions tmee weekly. 
Vitamins A and D were given once weekly in the form of halibut liver oil 
fortified with viosterol at a level of 3 drops per kilo of body weight. Sup- 
plements of casein, zein, and gelatin to the basal diet replaced an equal 

amount of sucrose. rru t, i 

The 24 hour urine specimens were collected under toluene. The hydrol- 
ysis of urine was accomplished by autoclaving at 15 pounds Iot 15 
an aliquot of urine with an equal volume of either 2.0 n HjSO^ or a 
The nicotinic acid content of the specimens and hydrolysates was deter- 
■ mined microbiologically by the method of Snell and Wnght (0). 


. w * Presented in part at the meetings of 
I Experimental Biology, Chicago, 1947 {Federation Proc., > ( • United 

' ment is made of aid from the John and Mary R. Markle .f 
States Public Health Service. Folic acid was generously contribute 3 
^ Laboratorie.s Division, American C 3 'anamid Companj . 
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Methylnicotinamide was determined by the method of Huff and Perlzweig 

( 11 ). 


Nutrition Studies 

Growth data of dogs on nicotinic acid-deficient diets are presented in 
Table I. It is evident that upon the institution of the basal diet dogs gain 

Table I 


Growth of Dogs on Nicotinic Acid-Deficient Diets 


Diet 

Bog No. 

Weight gain 

Days to reach 
plateau 

Weight gain after 
nicotinic acid* 



gm. 


gw. 

gm. per mg. 
nicotinic acid 

Basal 

1 cf 

540 

s 

960 

3S 


3 $ 

740 

15 

1240 

38 


9 9 

520 

11 

SOO 

26 


10 9 

600 

14 

960 

33 


11 & 

520 

14 

920 

27 


16 o' 

460 

14 

13S0 

37 


20 d' 

420 

. 

S 

1000 

30 

Average 


540 

12 

1050 

33 

Basal + 21% zein 

6 9 

Hi 

15 

m 

36 


17 & 

. 

IBli 

IS 


39 

Average 


700 

17 

1140 

38 

Basal -h 21% gela- 






tin 

5 9 



700 

22 


18 o’ 

mm 

191 

750 

25 

Average 


600 

14 

725 

24 

Basal -k 21% case- 

7 9 

WBm 

21 

mm 

46 

iu 

19 9 


24 


50 


21 o’ 

IhI 

37 

imi 


Average . ... 


1350 

27 

1525 

48 


* A single dose of mcotiuic acid at a level of 10.0 mg. per kilo was administered. 


an average of 540 gm. before reaching a growth plateau in about 12 days. 
Thereafter drastic weight loss is usually rapid and other Ej’^mptoms of 
blacktongue, characterized by inflammation of the gums, palatine redness, 
and diarrhea, usually develop if therapy is withheld. To reduce the loss 
of dogs, nicotinic acid or tiyptophan was usually administered after the 
dogs refused food for 48 hours. Frequently, severe symptoms bad al- 
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ready dcvelojjcd. When one tlicrapcutic dose of nicotinic acid was 
given at a level of 10.0 mg. )5cr kilo of body weight, the dogs resumed in- 
take of food within 24 hours and gained on an average 1140 gm. before 
reaching another weight platca\i. This amounts to 33 gm. gain in 
weight per mg. of nicotinic acid given. 

The development of nicotinic acid deficiency in dogs on the basal diet is 
not prevented or significantlj'' altered by the inclusion of the tryptophan- 
deficient proteins, zein or gelatin, in the diet. Two dogs receiving the 
basal ration supplemented with 21 per cent zein gained an average of 700 
gm. before reaching a growth plateau in 17 days. With a therapeutic dose 
of nicotinic acid 1140 gm. were added to the body weight, or an average of 
38 gm. per mg. of nicotinic acid administered. The two dogs on the basal 
diet supplemented with 21 per cent gelatin show similar increases in body 
weight before growth plateau. With nicotinic acid, however, the growth 
response is somewhat smaller, as is evident from the smaller value of gm. 
gained per mg. of nicotinic acid given. 

The addition of 21 per cent casein to the basal diet does not prevent the 
onset of nicotinic acid deficiency, but significantly delayed its appearance 
as judged bj' the much larger weight gain before the weight plateau was 
reached and the longer period of time necessary to reach the plateau. In 
two of these animals this plateau persisted for 17 and 21 days before 
\ drastic decline in weight occurred. The plateau of animals on the basal 
' diet lasted from 3 to 12 days. The response to nicotinic acid is also larger 
' than that observed on the other diets. In the third animal, after a gain 
of 1450 gm., the growth plateau persisted for 30 days. Nicotinic acid 
was given when there was no indication of drastic weight loss. At first 
• the animal gained weight steadily and during the next 60 days growth 
was erratic, but there was no significant tendency for the animal to reach 
a weight plateau. 

With supplementaiy L-tryptophan at a level of 0.5 per cent, one dog 
(Fig. 1, Dog 2) received complete protection against the onset of nicotinic 
acid deficiency for an experimental period of 60 days. This animal grew 
at a rate comparable to that of animals receiving nicotinic acid at a level 
of 500 7 per kilo of body weight per day in addition to the basal diet. In- 
asmuch as a casein supplement of 21 per cent to the basal diet did not afford 
protection, the supplement was increased to 42 per cent, at v nc ® 

tryptophan content of the entire diet was equivalent to that ol the basal 
[ diet supplemented with 0.5 per cent L-tryptophan.^ 
tn protein in the diet afforded complete protection to two dogs for Penods o 
< i 74 and 100 days, the length of the experimental period^s (Fii- 1. tJog ). 
In these periods the dogs gained 8.1 and 9.0 kilos in bo y veio i 

S ’ The tryptophan content of casein was taken as 1.2 per cent (12). 
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Inasmuch as further experiments with n-tryptophan were inadvisable 
because of the cost of the natural amino acid, nn-tryptophan was employed 
in the remaining experiments of the study. As with the l form, the racemic 
amino acid at a level of 0.5 per cent prevents the occurrence of nicotinic 
acid deficiency in the dog (Fig. 1, Dog 8). Levels of 0.3, 0.2, and 0.1 per 


A 



Fig. 1. The growth of dogs on various diets. 0,I>og2 9 , basal diet + 0.5 per cent 
L-tryptophan; • , Dog 8 o’, basal + 0.5 per cent DL-tr3’ptophan; A, Dog 15 9 , basal 
+ 0.3 per cent DL-trj-ptophan; □ , Dog 14 9 , basal + 0.2 per cent DL-tr 3 'ptophan; 
X, Dog 13 &, basal 4- 0.1 per cent DL-tr 3 rptophan; A, Dog 12 9 , basal + 42 per cent 
casein; ■ Dog 4 o’, basal + 500 y of nicotinic acid per kilo of body weight daily. 
The lower right-hand curve represents Dog 3 9 , basal diet; 33 mg. of nicotinic acid 
given at A, (7, and F; 3.96 and 5.66 gm. of n-tri'ptophan at B and D, respective^’. 

cent were then fed to determine the minimal protective level. It is appar- 
ent that this minimum must be less than 0.1 per cent, since dogs at this 
level are fully protected (Fig. 1, Dog 13). After a gain in body weight of 
6.3 kilos distemper appeared in one dog and the experiment was terminated. 
It is, however, apparent that 0.1 per cent nn-tryptcphan affords protective 
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action. It is of interest to nolo that, although the basal diet supplemented 
with 21 per cent casein containing a total of 0.48 per cent tryptophan^ is 
ineffective in preventing nicotinic acid deficiency, the basal diet supple- 
mented ^Yith 0.1 per cent DL-tryptophnn containing a total of 0.28 per cent 
trjTJtophan- is effective in this respect. One must assume, therefore, under 
these experimental conditions that supplementary tr 3 T)tophan must be 
metabolized in a manner different from tryptophan present as an integral 
part of the protein molecule. It also appears unlikely that tryptophan 
present in the protein molecule with other amino acids is more readily 
utilized for the synthesis of tissue protein, a process which would remove it 
as a source of nicotinic acid synthesis. The protein requirement of the 
dog is met by a level of 19 per cent casein, because supplementary nicotinic 
acid promotes normal growth under these conditions (Fig. 1, Dog 4). This 
leaves unaccounted for the metabolic route of the protein tryptophan in 
the 21 per cent casein supplement. One might consider that the free 
amino acid is more rapidly absorbed than protein tryptophan because of 
the delay necessitated b}* the hydrolytic process in the gastrointestinal 
tract and therebj’’ metabolized in the absence of large amounts of other 
amino acids present in the protein. In this respect it would be of interest 
to compare the protective action of supplementary casein with that of an 


enz 3 ’’me hydrclj’-sate of casein. 

At the present time there is not sufficient evidence to accoimt for the 
' protective action of high levels of supplementary casein (42 per cent), t 
is certainlj' not related to the nicotinic acid content of the protein per se. 
By microbiological assaj' a casein hydrolysate prepared with tiypsin coii 
tains only 0.17 y of nicotinic acid per gm. of casein. The two ogs, eac ^ 
consuming an average of 300 gm. of diet daily, would obtain y 7 ° 
nicotinic acid in this manner. With an initial body f ^ 
the intake would be onlj'' 10 y per kilo of body weight. is is ess an 

one-twentieth of the minimal requirement (13). _ 

In view of the fact that l- and DL-tryptophan had protective ac ion a 
the levels fed in these experiments, it was of interest to etermme le cura 
tive potency of the d and l forms in terms of nicotinic acid. This was 
performed bj' comparing the growth-promoting effect o a sing e 
the L- and DL-amino acid in nicotinic acid-deficient ogs, w ic ^ 
standardized with known amounts of nicotinic acid ( ). ^ 

was altered in that the assay of the amino acid was piece e an 
by a standardization response to nicotinic acid. examp ® ° Table 
‘ VS shown in Fig. 1. The results of these experiments are presented 

^ 2 The calculation includes the tryptophan content of form S 

and in addition one-half of the supplementary nn-tryptophan, 
utilized for nicotinic acid synthesis (see Table II)- 
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II. It is apparent that only the natural form is utilized for nicotinic acid 
S 3 Tithesis. The curative effect of u-tryptophan failed in three assays. In 
one the administration of nicotinic acid promptly stopped the drastic 
weight loss and a growth response was then obtained which was in excess 
of that expected from nicotinic acid alone. In the other two animals 
amounts of nicotinic acid as high as 500 mg. failed to check the rapid de- 
cline. In one of these nasal hemorrhage was observed. The administra- 
tion of 500 mg. of ascorbic acid and 2.0 mg. of 2-methyl-l, 4-naphthoqui- 
none intramuscularly was without effect and the two animals died in an 
extremely emaciated condition 9 days later. 


Table II 

Nicotinic Acid Equivalence of l- and Dh-Triiploplian* 
Values in mg. per gm. of amino acid. 


Dos- No. 

x-Tryptophan 

DL-Xryptophan 

3 

5.6 

Plateaut 

1 

6.1 

3.0 

0 

6.1 

Plateau 

7 

9.0 

tc 

9 

10.0 

ti 


S.l 

5.1 

11 

7.7 


16 

8.2 

3.7 


* Tryptophan was administered at a level of 1200 mg. per kilo of body weigh! 
in two portions during a 24 to 4S hour period. To prevent vomiting of the supple- 
ment, the amino acid was ground with an equal weight of sucrose and given eithei 
in gelatin capsules or as a paste, 

t The term plateau indicates that the drastic weight loss ceased and that the 
bodj' weight was maintained for at least 7 days. 

Nicotinic Acid Excretion Studies 

In the rat the administration of tryptophan is followed bj’' the urinary 
excretion of relatively large amounts of nicotinic acid derivatives (14-18). 
In Table III are given the results obtained in the dog. Change of diet 
from commercial dog food to the synthetic diet is reflected in a rapid fall 
in the excretion of the nicotinic acid derivatives measured. This is less 
marked in the nicotinic acid values obtained after acid hydrotysis. In 
fact, by the 2nd day complete recover^' has been obtained. Tliereaftcr 
the values rise steadily' to rather large levels. By' contrast nicotinic acid 
values obtained in untreated or alkaline-hydrolyzed urine after the initial 
drop regain only a third of their original values. Since nicotinic acid an^ 
its amide have equal actmties for the assay organism, Lactobacillus arabi- 
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nosns, aiid »)co(inuric acid docs not require preliminary Jij'-droJysis to shoir 
the same activity as its theoretical equivalent of nicotinic acid (10), it 
appears that after the administration of tryptophan to dogs, as in rats (15), 
there is excreted a nicotinic acid precursor which is converted to nicotinic 
acid by acid hydrolysis. This substance makes up the maj or portion of the 
total nicotinic acid derivatives excreted. By comparison jSr'-methylnico- 
tinamide, which is the major excretory substance in animals on a commer- 
cial animal ration, is only temporarily excreted in large amounts in dogs 
on synthetic diets containing trj'ptophan (daj's 3 to 8). Following this 
period the values arc not in excess of those found in dogs receiving nico- 

T.mh.i; hi 


Urinanj IJxcrctioji of Kicotinic Acid Dcrivnlivcs in Dog Receiving Basal Diet Supple- 
mented tritli 0.5 Per Cent h-Tnjptophan 


Da>s on did 


Nicotinic acid 


Ni-Methyl- 

nicotinamide 

No hydrotjsis 

Acid hydrolysis 

Alkaline hydrolysis 


'I 

y 

y 

y 

0* 

05.-) 

720 

692 

2650 

1 

100 

414 

137 


2 

S4 

700 

64 

206 

3 

20S 

1240 

208 

1460 

5 

20.5 

1120 

200 


s 

302 

1560 

305 


IG 

153 

1848 

113 

861 

25 

120 

1830 

103 


31 

225 

2340 

182 


40 

191 

2170 

191 

615 

4G 

192 

2240 

222 

579 

5G 

240 

2C60 

178 

573 


* Excretion values on this day represent those of the animal on a commercial ani- 
mal ration. Thereafter, the experimental diet was instituted. 


tinic acid (Table IV). In the rat tryptophan stimulates the e.xcretion of 
relatively large amounts of nicotinic acid, nicotinic acid precursor, and 
KEmethylnicotinamide, whereas in the dog only the excretion of the acid- 
hj'drolyzable nicotinic acid precursor is marked. The pattern of excretion 
of nicotinic acid derivatives is markedly altered in dogs when the commer- 
cial ration is replaced b}^ the basal diet supplemented with nicotinic acid 
(Table IV). In the former the excretion of nicotinic acid is the same re- 
gardless of the treatment of the urine, indicating that the substances 
excreted resemble the simple derivatives, nicotinic acid, nicotinamide, or 
hicotinuric acid. N^-Methylnicotinamide accounts for 87 per cent of the 
total nicotinic acid derivatives excreted. Bj’’ comparison, on the synthetic 
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diet tlie values of nicotinic acid excretion are dependent on the treatment 
of urine before assay. Similar values are obtained in untreated or alkaline- 
bydrolyzed urine. With acid treatment the apparent nicotinic acid is 
increased by as much as a 3-fold factor. This difference may indicate that 
the dog on the synthetic ration excretes small amounts of the acid-hydro- 
lyzable precursor encountered in animals receiving tryptophan.^ The 
excretion of N^-methylnicotinamide is also markedly reduced in the change 
of ration. The 6-pyridone of N‘-methylnicotinamide (19, 20) may also 
play an important idle in excretion of nicotinic acid derivatives in the dog. 
It has recently been reported that this substance is the major pathway of 


Table IV 

Urinary Excretion of Nicotinic Acid Derivatives in Dog Receiving Basal Diet and 0.5 
Mg. of Nicotinic Acid per Kilo of Body Weight per Day 


Days on diet 

Nicotinic acid 

N>-Mctbyl- 

nicotinamidc 

No bydiolysis 

Acid hydrolysis 

Alkaline hydrolysis 

1 

y 

y 

7 

7 

0* 1 

588 j 

573 

513 

3880 

1 i 

394 1 

470 

338 

1530 

2 

88 

224 

75 

234 

3 

100 ! 

220 

SO 

233 

5 

114 

275 

88 

350 

S 

114 

326 

93 

341 

16 

142 

324 

1 121 

412 

25 

118 

330 

81 

442 

31 

201 

375 

213 

505 

40 

155 

344 

i 121 

569 

50 : 

193 

400 

152 

502 

61 ; 

210 

470 

, 185 

613 


* Excretion values on this day represent those of the animal on a commercial 
animal ration. Thereafter, the experimental diet was instituted. 


excretion of dietary nicotinic acid in the human (21). Similarly, it may 
account for the major fraction of methylated derivatives of nicotinic acid 
in dogs receiving tryptophan or nicotinic acid. 

The excretion of nicotinic acid derivatives in a dog on a hi^ casein diet 
is shown in Table V. The protective action of this diet is apparently 
related to the ^thesis of nicotinic acid as judged by the increased excre- 

* The nature of the nicotinic acid fraction in the rat is similarly affected by the 
replacement of commercial animal ration with a synthetic diet. On the former, rafs^ 
excrete nicotinic acid, the value of which is the same regardless whether the urine has 
been hydrolyzed with acid or alkali or left untreated before assay. Upon change to _ 
the synthetic diet, the urinary nicotinic acid is always somewhat greater in acid- 
hydrolyzed specimens. 
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TAni,r, V 

Urinani Excretion of Nicotinic Acid Derivatives in Dog Receiving Basal Diet Supple- 
mented with 45 Per Cent Casein 


D»ys oa diet 

Kicolinic acid 

NL-Methyl- 

nicotinamide 

No Ii>-drol>-sis | 

Acid hydrol>*sis ! 

Alkaline hydrolysis 


7 

y , 

r 

y 

0' 

50S 

030 

010 

2700 

3 

102 

5S5 

107 

1100 

2 

IGl 

902 

177 

049 

3 

181 

S4C 

180 

1422 

5 

210 

1039 

207 

1000 

S 

107 

8S0 

189 

1180 

25 

2.55 

703 

201 

1007 

27 

244 

807 

240 

2431 


• Excretion values on this day represent those of the animal on a commercial 
animal ration. Thereafter, the experimental diet was instituted. 


Tamli; VI 

Effect of h-Tryptophan and Nicotinic Acid on Urinary Excretion of Nicotinic Add 
Derivatives in Dog mlh Blacktongue {Dog 9) 


Diysondltt 

NicotmicBcid 

Ni-Methyl* 

nicotiaamide 

No hydrolysis ^ 

Acid hydrolysis 

Alkaline hydrolysis 


y 

y 

y 

y 

0* 

140 

300 

lOS 

52 

It 

84 

472 

06 

186 

2f 1 

172 

890 

156 

1150 

3 

134 

950 

107 

1080 

4 

130 

452 

112 

469 

5 

110 

350 

81 

482 

0 

95 

305 

70 

96 

7 

107 

250 

90 

104 

8 

112 

278 

88 

91 

0* 

lOS 

228 

91 

107 

It 

4210 

4220 

4400 

3630 

2 

119 

209 

112 

656 

3 

140 

270 

127 

566 

4 

98 

161 

84 

140 

5 

153 

290 

131 

391 


* Excretion values on these days represent those of the animal in a nicotinic acid- 


deficient state. 

t 2.0 gm. of L-tryptophan were given in a capsule. 
1 35 mg. of nicotinic acid were given in a capsule. 
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tion of the acid-labile precursor and N^-methylnicotihamide. The appear- 
ance of the latter in amounts greater than that found either in dogs on the 
basal diet supplemented ndth nicotinic acid (Table IV) or in the over-all 
excretion period in dogs receiving trjTjtophan will require further study for 
explanation. 

In the nicotinic acid-deficient dog relatively large amounts of tryptophan 
can stimulate the increased excretion of the acid-hj’’drotyzable precursor 
of nicotinic acid and N*-methylnicotinamide (Table VI). In six studies 
four animals have shown these increased values. The failure of the other 
two has been interpreted as retention of the nicotinic acid synthesized from 
ti-yqitophan. It would be well also to consider the eflficiency of this syn- 
thesis in the deficient animal. IVhen receiving therapeutic amounts of 
nicotinic acid, the deficient dog excretes only 23 per cent of the administered 
dose as nicotinic acid and N^-methy^lnicotinamide. The nicotinic acid 
precursor does not appear to be excreted in significant amounts after the 
administration of nicotinic acid as judged by the similar values of nicotinic 
acid excretion obtained in untreated and acid- and alkafine-hydrolyzec 
urine. This may imply that the precursor represents an intermediate ir 
the symthesis of nicotinic acid and not a mechanism to remove a surplus 
of the vitamin in the bodj\ Its excretion in dogs receiving tryptophar 
would indicate that its conversion to nicotinic acid is at a lower rate than 
the methylation of the nicotinic acid to N^-methylnicotinamide or more 
likely the 6-pyridone derivative. 

DISCUSSION 

The interchangeable role of nicotinic acid and tiyptophan has already 
been demonstrated in the nutrition of the rat (1, 2, 5-7), mouse (4), chick 
(3), and pig (8, 22). Our results indicate that this relationship also exists 
for the dog. Urinary excretion studies lend support to the role of trypto- 
phan as the biological precursor of nicotinic acid (7, 14-18). 

The level of casein in the diet necessary to abolish the requirement for 
nicotinic acid varies from 20 to 25 per cent for the rat (7, 23) and the pig 
(8, 22) to a value in excess of 40 per cent for the dog as reported here. If 
these latter results are applicable to human nutrition, some question is 
ob^^ously raised as to the relative importance of protein and dietary nico- 
tinic acid in meeting the nicotinic acid requirement. It would .appear 
rather imlikely that this level of protein is within the average dietary ex- 
perience (24). This would emphasize the importance of nicotinic acid in 
diets of moderate protein content in which the protein is derived to a large - 
extent from animal sources (24). These foods contain large amounts of 
the vitamin (25). 

Rather large quantities of milk have been successful in the treatment of 
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pellagra (2G). In the rat its beneficial action has been ascribed to its pro- 
tein content, since the amount of nicotinic acid present is very low (2). 
In our own studies 5 ml. of milk per day were ineffective in preventing 
growth retardation in rats on low protein diets supplemented with gelatin.^ 
Experiments with the nicotinic acid-deficient dog have indicated that milk 
lias a greater beneficial action than can be ascribed to its nicotinic acid 
jontent as determined microbiologically (13). In our own hands this pro- 
jedure has given rather unreliable results. 

The presence of a sulistance in milk similar to nicotinic acid in its bio- 
logical activitj' should be considered in view of the fact that milk, the major 
lOod consumed after birth, contains little nicotinic acid. On a dry basis 
liuman milk contains onl}’’ 10 per cent protein (27), which is insufficient for 
nicotinic acid 83^1110515 in the rat and pig, and certainl}’- a quantity con- 
nderabl}’ less than that required b}'' the dog. Salmon (28) has shorni that 
the nicotinic acid requirement of the rat is abolished on low protein diets 
jontaining 30 per cent fat. In view of the fact that on the dry basis milk 
contains 28 per cent fat, we may have here a possible explanation for the 
ibscnce of nicotinic acid deficicnc}'’ in the nursing young. 

SUMALVRY 

The interchangeable role of nicotinic acid and tr 3 ’’ptophan in the nutrition 
of dogs has been studied. At a level of 21 per cent in a nicotinic acid- 
deficient ration, gelatin, zein, or casein does not prevent the onset of nico- 
tinic acid deficienc}'’ in the dog. However, when the casein supplement 
ivas increased to 42 per cent, complete protection was obtained. 

Supplementary l- or DL-tr3'’ptophan at the 0.5 per cent level similarly 
prevents the occurrence of the deficiency s3mdrome. The minimal pro- 
tective level of DL-tiyptophan is less than 0.1 per cent, as dogs on the defi- 
cient ration supplemented with 0.3, 0.2, or 0.1 per cent of the amino acid 
grow at the normal rate and are without deficiency symptoms during the 
experimental period. 

The nicotinic acid equivalence of l- and DL-tryptophan has been deter- 
mined in nicotinic acid-deficient animals, which have been standardized 
O'ith knoivn amounts of nicotinic acid. By this method it has been found 
that only the natural isomer is utilized for nicotinic acid synthesis. 

The urinary excretion of some nicotinic acid derivatives in the dog has 
been studied. The administration of L-tiyptophan results in the excretion 
jf an acid-hydrolyzable precursor of nicotinic acid, which has previously 
been reported present in the urine of rats under similar conditions. There 
is only a temporary increase in urinary N‘-methylnicotinamide. Dogs on 
rations supplemented with 42 per cent casein also excrete larg un., 

^ Unpublished results. 
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of the precursor and N^-methylnicotinamide than did dogs growing nonnally 
on the basal ration supplemented with nicotinic acid. The results of the 
excretion and nutrition studies are interpreted as indicating that the syn- 
thesis of nicotinic acid from tryptophan does take place in this species. 
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FURTHER STUDIES ON THE EFFECT OF SOME AMINO 
ACIDS ON THE GROWTH AND NICOTINIC ACID 
STORAGE OF RATS ON LOW CASEIN DIETS'^ 
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(Received for publication, July 23, 1948) 

In a previous communication from this laboratory it was shown that 
the inclusion of an amino acid mixture containing histidine, valine, thre- 
onine, and lysine in a low protein diet produced marked depression of 
growth in rats (1). The addition of either nicotinic acid or tryptophan not 
onl}’ corrected the growth retardation, but permitted normal growth, which 
was not possible in the absence of these amino acids. That lysine was not 
the amino acid responsible for the growth depression was evident from the 
fact that its omission from the amino acid mi.xture did not significantly 
alter the results obtained. 

In the present paper the investigation has been continued to determine 
which amino acids arc growth depressants and which are required by the 
rat for normal growth on low casein diets supplemented with nicotinic 
acid or tiyptophan. Data are presented which indicate that threonine is 
the amino acid effective in both categories. 

EXPERIMENTAL 

Wistar strain rats, 22 days old, were used in these experiments. The 
basal diet consisted of casein (Labco) 9, sucrose 82, salts (2) 4, L-cystine 
0.2, cottonseed oil 3, and cod liver oil 2 parts. Vitamins v'ere incorporated 
in 100 gm. of diet at the following levels: thiamine 1.0 mg., riboflavin 1.0 
pyridoxine 1.0 mg., calcium pantothenate 2.0 mg., choline chloride 
200 mg., 2-meth3d-l ,4-naphthoquinone 0.5 mg., inositol 10 mg., biotin 0.02 
mg., and folic acid 0.2 mg. a-Tocopherol was administered at a level of 
1.0 mg. per rat per week. Supplements of amino acids replaced an equal 
amount of sucrose in the diet. At first they were incorporated in the diet 
as pairs and later their effects were studied individually. 

The nicotinic acid content of muscle and liver was determined micro- 
hiologically (3) on tissue extracts prepared by autolysis aided by taka- 
diastase and papain (4). 

* Acknowledgment is made of aid from the John and Alary R. Alarkle Foundation 
and the United States Public Health Service. Folic acid and biotin were ^nerously 
contributed by the Lederle Laboratories Division, American Cyanamid Company, 
and Merck and Compan}', Inc., respectively. 
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From the results in Table I it is evident that grovth on the basal ration 
can be improved to a limited, yet reproducible, extent by the addition of 
either nicotinic acid or tryptophan. This is reflected in an increased nico- 
tinic acid content of muscle and liver, although the amino acid is much more 
effective in this respect. Under these experimental conditions it is possible 
to maintain nicotinic acid storage that is near normal vitli supplementarj'' 
tryptophan in spite of suboptimal growth (Diets 3 to 5). 

llTien threonine and valine are added to the basal ration, there is ob- 
served a marked growth depression, which is not reflected in a concomitant 
decrease in nicotinic acid storage (Diet 6). On the contrary, values are 
obtained which are usually in excess of those found for rats on the basal 
diet alone. This may be explained on the basis of a decreased demand on 
the nicotinic acid stores of the rats on threonine-containing diets, because 
of the small amount of new tissue laid dowm. Supplementary nicotinic 
acid or tryptophan not only corrects the inhibition, but permits noimal 
growth, which is not possible in the absence of these amino acids (Diets 7 
and 8). Liver nicotinic acid is nearly normal in animals receiving dietary 
nicotinic acid, whereas there is no considerable change in muscle storage. 
The inability of dietarj’- nicotinic acid to raise substantially muscle storage 
toward normal has been observed in all threonine-containing diets (Nos. 
7, 13, and 16), in spite of reasonably good growth. With supplementarj 
tryptophan muscle nicotinic acid is in the normal range. Liver storage ii 
considerably above normal, a finding previously reported (1). Perhapi 
this indicates an accumulation in the liver of either nicotinic acid or inter 
mediates in the synthesis of nicotinic acid from tiyptophan, which car 
replace the nicotinic acid requirement of the test organism, Lacldbacillut 
arabinosus, employed in the microbiological assays. Apparently nol 
involved is the acid-hydrolyzable derivative of nicotinic acid previously 
reported present in the urine of rats receiving tryqjtophan (1, 5). 

The amino acid pair containing valine and histidine, when added to the 
basal ration, does not significantly alter either the growth or nicotinic acid 
storage of rats on the basal ration alone (Diet 9). Supplementary nicotinic 
acid or ti-yqitophan produces the same effects with this diet as with the 
basal diet alone (Diets 10 and 11). 

With threonine and histidine there is obtained a growth inhibition which 
resembles that observed in animals on the diet containing threonine and 
valine (Diet 12). A supplement of nicotinic acid or tryptophan also pro- 
duces similar effects in regard to growth and nicotinic acid storage (Diets 
13 and 14). In consideration of the results obtained with diets containing 
pairs of amino acids, it is apparent that growth inhibition is observed only 
when threonine is one member of the pair. In addition the basal ration 
contains only suboptimal amounts of this amino acid, because when it is 
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added to the ration, either nicotinic acid or tryptophan 
optimal growth. 


can stimulate 


Tahi.i; I 


1 

2 

3 

4 

5 
G 
7 
S 
9 

10 

11 

12 

13 

14 

15 
IG 

17 

18 

19 

20 
21 
22 

23 

24 

25 


No 



"I 

Dicf 

s 

Gain per wk. 

rat 

ior 4 wks. 



£m. 


Stock 

20% casein 

25 (22-29 )t 
25 (21-33) 

11 

Basal 

9 (8-12) 

11 

+ 2.0 mg. % nicotinic acid 

13 (10-16) 

11 

“ -f 0.2 % L-tryptophan 

14 (9-17) 

5 

“ + threonine -f valine 

2 (0- 3) 

8 

Diet 6 -r- 2.0 mg. % nicotinic acid 

22 (18-27) 

S 

“ 6 -f 0.2 % L-tryptophan 

24 (21-28) 

8 

Bas.al -L valine -1- histidine 

10 (8-12) 

8 

Diet 9 + 2.0 mg. % nicotinic acid 

14 (11-15) 

8 

“ 9 -f 0.2 % L-tryptophan 

13 (10-17) 

8 

Basal -f- threonine 4- histidine 

2 (1- 3) 

8 

Diet 12 -1- 2.0 mg. % nicotinic 

19 (15-25) 


acid 

8 

Diet 12 + 0.2 % L-tryptophan 

23 (20-25) 

9 

Basal -4- threonine 

3 (0- 6) 

9 

Diet 15 + 2.0 mg.% nicotinic 

19 (16-24) 


acid 

9 

Diet 15 -1- 0.2 % L-tryptophan 

22 (19-27) 

8 

Basal 4- valine 

9 (8-12) 

8 

Diet 18 -f 2.0 mg. % nicotinic 

13 (10-15) 


acid 

8 

Diet 18 -1- 0.2 % L-tryptophan 

9 (9-11) 

8 

B.asal -f histidine 

9 (8-10) 4 

8 

Diet 21 -f 2.0 mg. % nicotinic 

12 (9-15) 6 


acid 


8 

Diet 21 -f 0.2 % L-tryptophan 

12 (8-16) 7 

5 

Basal 4- phenylalanine 

9 (7-11) 4 

5 

Diet 24 -f 2.0 mg. % nicotinic 

12 (8-14) 6 


acid 


5 

Diet 24 4- 0.2 % L-tryptophan 

12 (8-14) 8 

— — ' 




Nicotinic acid 


Muscle 


7 per jm 

74 (Gl-S5)t 

78 (70-85) 
38 (28-52) 
73 (64-90) 

79 (65-94) 
46 (34-64) 
50 (44-59) 
77 (61-87) 
37 (30-48) 
68 (56-80) 
SO (63-92) 
45 (28-74) 


86 (77-95) 


Liver 


86 

111 

150 

137 


80 (64-90) 


7 per gm. 

159 (132-185) t 
186 (167-206) 
(57-114) 
(63-165) 
(70-227) 
(64-217) 
152 (150-166) 

228 (171-303) 
90 (43-110) 

109 (67-138) 
144 (77-208) 
125 (77-164) 
146 (111-164) 

222 (190-254) 
131 (93-200) 
141 (106-186) 

229 (179-281) 

82 (61-109) 

99 (59-122) 


127 

84 

96 


(83-195) 

(58-131) 

(88-107) 


141 (88-178) 
84 (73- 90) 
101 (71-123) 

138 (116-184) 


* The stock ration consists of commercial animal food supplemented liberally with 
adk, lettuce, and carrots. The levels of supplementary amino acids are DL-threo- 
dne 0.4 per cent, nn-valine 0.3 per cent, n-histidine monohydroohloride 0.25 per 
ent, and nn-phenylalanine 0.25 per cent, 
t The values in parentheses represent the range. 

The effects of the individual amino acids were then studied to determine 
whether the presence of either valine or histidine was required for the 
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activity of threonine. It is evident that the growth-depressing action of 
the amino acid mixture is entirely confined to threonine. Valine and 
histidine are vdthout effect individually, as they are when included together 
in the basal ration (Diets 18 to 23). It is diflicult to explain the inability 
of tr 3 T)tophan to produce in the presence of valine the limited growth 
response observable on the basal ration plus tryptophan (compare Diets 
20 and 5). With supplementary nicotinic acid or tryptophan, threonine 
alone is required for reasonably good growth (Diets 16 and 17). It is of 
interest to note that at the level fed nicotinic acid is a little less effective 
than tryptophan. When the requirement of tryptophan is divided betw'een 
that necessary for protein synthesis and that needed for nicotinic acid 
synthesis, it may w^ell be that the amount of the amino acid present in the 
basal ration alone is not quite sufficient for the former process when nico- 
tinic acid and threonine are included in the ration. \^en nicotinic acid 
is replaced by tryptophan, this requirement is easily met. At smaller 
growiih rates, in which protein synthesis is already limited by the amount 
of threonine present in the basal ration, these differences disappear. 

DISCUSSION 

ICrehl et al. (5, 6) first observed growth retardation in rats on low protein 
diets containing large amounts of com. The addition of either tryptophan 
or nicotinic acid corrected the deficiency and permitted normal growth to 
proceed. Briggs extended this observation to the chick and further demon- 
strated that a similar depression could be obtained by the addition of gela- 
tin to a purified diet (7, 8). In this work the inhibitory effect was not 
noted when gelatin was replaced by arginine and glycine. Later work 
from this laboratory indicated that the two amino acids were growth- 
inhibitory under somewhat altered conditions (9). The addition of alanine 
furthered the depressant effect. The feeding of an amino acid mixture, 
simulating the relative occurrences of some amino acids in gelatin, produced 
an inhibition observed with the protein itself. The omission of arginine 
and glycine from the mixture permitted good grorvth. In more recent 
results Anderson and Briggs observed that the inhibitory effect of some 
seventeen amino acids varied from the rather deleterious effect of methi- 
onine to a 20 per cent inhibition by valine (10). 

In extension of their original observations the University of Wisconsin 
workers have found that it wms not necessary to postulate a specific pellagra- 
genic agent in corn for the rat, at least, because the deficiency syndrome 
could be duplicated with non-com rations by the addition of tryptophan- 
deficient proteins, such as zein or gelatin, or acid-hydrolyzed proteins to a 
nicotinic acid-deficient diet low in tryptophan (11). Of a number of amino 
acids tested for growth inhibition, glycine was particularly effective (12). 
Supplementary nicotinic acid removed the inhibition, but normal growth 
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\^-as not obtained. The deleterious effect of acid-hydrolyzed casein could 
be reproduced with a mixture of amino acids made to simulate the hydrol- 
j'sate. Tliat this inhbition was not due to glycine and alanine per se 
was evident from the fact that their omission from the mixture did not pre- 
vent growth inhibition (13). 

Beginning with the suggestion that the usual 9 per cent casein diet is 
deficient in a number of amino acids (14), the present authors observed 
that the addition of a mixture of amino acids containing tysine, valine, 
threonine, .and histidine to a low protein diet produced marked growth 
retardation in rats (1). Supplcmcntarj' nicotinic acid or tryptophan not 
only corrected the deficicnc}’', but also produced good grov’th, which was 
not possible in the absence of these amino acids. The omission of lysine 
from the mixture did not significantly alter the data. The results of the 
present report indicate that of the remaining members of the mixture 
valine and histidine do not alter growth significantly. Threonine alone is 
responsible for the growth inhibition by the mixture. Furthermore, it is 
revealed that this amino acid is the limiting factor for growth on the low 
casein diet. Recently, this latter observation has also been made by 
Griffith (15). 

Salmon (16) in his studies has stated that the primary deficiency on low 
casein diets was that of labile methyl groups and, secondly, nicotinic acid. 
Only after the requirement of the vitamin was satisfied, could a deficiency of 
sulfur amino acid be demonstrated. Under our conditions, in which the 
basal low protein diet is already supplemented with choline and cystine, 
the growth-promoting action of nicotinic acid is limited only by the sub- 
optimal amounts of threonine in the basal ration. 

Niven el al. (17) have observed marked growth retardation in rats re- 
ceiving phenylalanine and tyrosine. The addition of relatively large 
amounts of nicotinic acid or tryptophan corrected only in part the defi- 
ciency syndrome. Our results indicate that at a 0.25 per cent level phenjd- 
alanine does not have inhibitory action, nor can it promote good gro'wth 
vith supplementary nicotinic acid or tryptophan (Diets 24 and 25). 

The nature of the growth-depressing action of threonine is obscure. 
"i^Tiether it represents a specific antagonism between nicotinic acid and 
the amino acid, or the result of the resolution of a multiple deficiency into 
one involving a single essential substance, is at present uidaiown. In 
regard to the former, one may consider the curious antagonism betvreen 
threonine and muscle nicotinic acid as reported here. 

SUMMARY 

It was originally observed that an amino acid mixture containing lysine, 
valine, threonine, and histidine produced in rats on a low casein ration 
growth retardation which was prevented by either &■ i > r* n 
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tinic acid or tryptophan. The omission of lysine from the mixture did not 
significantlj'’ alter the results. Of the remaining components of the mi.x- 
ture, histidine and valine are vithout effect on growTh. Threonine alone 
produces the growth retardation originally observed vith the amino acid 
mi.xture. Supplementarj’' nicotinic acid or tr37ptophan not only corrects 
the inhibition, but permits good growth, which is not possible in the ab- 
sence of threonine. 

The inhibition by threonine is not accompanied by a decrease in the 
storage of nicotinic acid in the liver or muscle. The values are usually in 
excess of those found on the basal diet alone. With nicotinic acid or tryp- 
tophan the vitamin storage in the liver is increased to a nearly normal level 
for the former and to a value considerably in excess of the normal for the 
latter supplement. 

The authors are grateful to Mr. Horace Hayes for the care of animals 
employed in this investigation. 
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CORN RATIONS* 
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(From Ibr Departments of Biochemistry and Medicine, University of Georgia School 

of Medicine, Augusta) 

(Received for puldication, July 23, 1948) 

With the demonstration that nicotinic acid was a dietary essential for 
the dog (1), pig (2), monkey (3), chick (4), and man (5-9), it was rap- 
idlj' shown that the nicotinic acid or pyridine nucleotide content of some 
tissues is markedly decreased in the deficient animal. Of the tissues 
studied onlj* voluntary muscle and liver have shown subnormal values 
in the dog (10-14), pig (14), and chick (15). In pellagra the coenzyme 
content of muscle decreases as the deficiency progresses (16). Normal 
values are obtained for erj'throcytes (13, 16, 17). 

Prior to 1945 no specific disease due to nicotinic acid deficiencj’’ was 
demonstrable in the rat. There was evidence, however, that the rat could 
sjmthesize a sufficient amount of the vitamin for growth (18-20). In 
1945 Krehl cl al. (21, 22) observed in rats on low casein diets containing 
com a growth retardation, which was prevented by either nicotinic acid 
or tr^-ptophan. It seemed desirable, therefore, to compare the effects of 
nicotinic acid deficienc}’’ in the rat on the tissue content of this vitamin 
with those reported for other species. The results of this investigation 
are reported here. 


EXPERBIBNTAIi 

Wistar strain rats, 21 to 24 days old, were used in these experiments. 
The synthetic diet consisted of casein (Labco) 15, sucrose 76, cottonseed 
oil 3, salts (23) 4, cystine 0.5, and cod liver oil 2 parts. Vitamins were 
incorporated in 100 gm. of diet at the following levels; thiamine 2.0 mg., 
riboflavin 2.0 mg., pyridoxine 2.0 mg., calcium pantothenate 4.0 mg., and 
choline chloride 1.0 gm. The basal ration was prepared by mixing 60 parts 
of the above diet with 40 parts of corn grits. 

Tissue specimens were prepared for analysis by autoclaving the finely 
ground material with 1.0 N H2SO4 for 30 minutes at 15 pounds. The hot 
extracts were neutralized to pH 4.5 with brom-cresol green as indicator, 

• Acknowledgment is made of aid from the John and Mary R. Markle Foundation, 
and the United States Public Health Service. Crystalline vitamins and M-trypto- 
phan were generouslv contributed by Merck and Company, Inc., and Winthrop- 
Stearns, Inc., respectively. 
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cooled to room temperature, filtered, and neutralized to pH 6.8 with brom- 
thjonol blue as indicator. 1.0 ml. of blood obtained by cardiac puncture 
was laked with 50 m\. of distilled water and autoclaved with 5.0 ml. of 2.0 
N H2SO4. From this point the preparation followed the procedure em- 
ployed for the solid tissues. The nicotinic acid content of the extracts was 
determined microbiologically by the method of Snell and Wright (24). 

Table 1 

Nicotinic Acid Content of Tissues of Rats on Corn Rations 
Nicotinic acid content expressed as micrograms per gm. of wet tissue or micrograms 
per ml. of blood. Values in parentheses represent the range. 

Diet 1, stock ration; Diet 2, basal; Diet 3, basal + 100 y of nicotinic acid per 
rat daily, Diet 4, basal + 0.5 per cent L-tryptophan; Diet 5, basal -h 200 7 of N'- 
methylnicotinamide per rat daily. 



Dictl, 

7 rats 

Diet 2. 

12 rats 

Diet 3, 

13 rats 

1 Diet 4, 

1 11 rats 

Diet 5, 

12 rats 

Weight 

+ 190 

+26 

+180 

+192 

+39 

change, gm. 

(155-220) 

(2-77) 

(133-218) 

(154-213) 

(8-72) 

Brain 

47 

30 

48 

50 



(41-50) 

(20-35) 

(40-54) 

(37-55) 


Heart j 

114 

105 

107 

105 

107 


(I0S-1I9) 1 

(83-122) 

(70-142) 

' (90-119) 

(80-115) 

Lung 1 

48 1 

43 

46 

50 



(42-52) 

(37-45) 

(42-52) 

1 (43-55) 


Spleen 

58 

57 

01 

63 



(55-67 ) 

(43-64) 

(55-70) 

(55-73) 


Aluscie 

78 

45 

77 

81 

40 


(73-84) 

(16-60) 

(55-97) 

(70-92) 

(18-74) 

Kidney 

87 

84 

101 

101 

84 


(80-92) 

(66-104) 

(81-130) 

(80-119) 

(61-94) 

Liver 

157 

105 

160 

214 

111 


(130-173) 

(57-136) 

(128-202) 

(173-334) 

(79-153) 

Blood 

14 

12 

13 

14 

13 


(12-18) 

(11-13) 

(12-14) 

(13-17) 

(11-14) 


It is evident from the results in Table I that the effects of nicotinic acid 
deficiency in the rat resemble in part those observ^ed in other species. 
After 70 days on the deficient diet, there is little change in the nicotinic acid 
content of heart, lung, spleen, kidney, and blood. Only in liver, voluntary 
muscle, and brain are subnormal values foimd. The changes in liver and 
muscle are similar to those reported for the rat by Hundley (25) and those 
for other species. It is surprising, however, to find a certain dependence 
of the nicotinic acid level of brain on the dietary level of the vitamin. By 
contrast, in the dog and pig (14) normal brain levels are maintained in 
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Spite of extreme dcfic^cnc3^ It appears that the major nicotinic acid, 
stores in the rat arc in the liver and muscle, when one considers not only.- 
the mass of tissue involved, but also its nicotinic acid content. 

The administration of nicotinic acid completely prevents the changes ini 
concentration of tissue vitamin which occur in animals on the basal ration, 
alone. The values obtained arc in general agreement with those found in. 
animals reared on a stock ration which permits normal growth and breeding, 
in this laboratorj'. With supplementary tiyptophan essentially similar 
results are found. With tryptophan regarded as a biological precursor of 
nicotinic acid (26-28), the nature of its beneficial effect in maintenance of 
normal lev'cls of tissue nicotinic acid is obvious. One finds levels in liver 
nicotinic acid which arc above normal. Values as high as 334 7 per gm. 
are well outside the normal range. Similar results obtained since the 
completion of the present investigation have been reported (29) and inter- 
preted as supporting evidence of the synthesis of nicotinic acid in the 
liver. As judged by the strict maintenance of noimal values in other 
tissues, one might surmise that the liver is the major site of synthesis. 

Kajjar ci al. (30) have reported that N’-methylnicotinamide, a major 
metabolic end-product of nicotinic acid, possesses definite antiblacktongue 
activity, both as a preventive and as a therapeutic agent. This is in 
contrast to the findings of Teply el al. (31). In the present study this 
substance is inactive in rats at a daily level of 200 7. It does not prevent 
either growth retardation or depletion of the nicotinic acid stores in the 
liver and muscle that is observed on the basal ration. It would appear 
that this species is unable to demethylate N'-methylnicotinamide to nico- 
tinic acid at a rate sufficient for good growth. In light of these results 
it is difficult to account for the lipotropic activity of N'-methylnicotina- 
mide in rats on diets containing glycocyamine, as reported by Najjar (32), 
If labile methyl groups are made available in a demethylation process, 
nicotinic acid per se cannot bo considered an end-product, in view of the 
fact that the methylated derivative is inactive both as a preventive and. 
as a therapeutic agent' in rats on the deficient basal ration. 

discussion 

The maintenance of the normal vitamin content of certain tissues in 
animals on diets deficient in this essential has been regarded as a necessary 
condition for the preservation of certain vital functions. A decrease is 
considered incompatible with life. In this respect the rat maintains noraal 
nicotinic acid levels in the heart, lung, spleen, kidney, and blood, but allows 

' 1.0 mg, of N'-metbylnicotinamide was injected cacb day for 5 days into 
acid-deficient rats. No alteration in the gro-wth rate was observed during the ne. 

14 days. 
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depletion of vitamin stores in muscle and liver, and, to a smaller extent, in 
brain. The depressed values must reflect a diminished capacity for meta- 
bolic functions requiring the presence of nicotinic acid as a coenzyme. 
However, the rat on inadequate diets makes a nutritional adaptation by 
reducing the food intake and therebj’- lessening the effects of nutritional 
stress. When this curtailment of food intake is prevented by forced feed- 
ing, acute deficiency states are obtained in a relatively short time without 
the complication of a generalized undernutrition. An excellent example of 
this has been reported recently bj’’ Specter in the production of tri^ito- 
phan deficiency in the rat (33). 


SUMMARY 

The nicotinic acid content has been determined in some tissues of rats on 
diets containing corn, deficient in nicotinic acid. In the deficiency 
state normal values are maintained in the heart, lung, spleen, kidney, 
and blood. In the liver, muscle, and brain subnormal levels are ob- 
tained. 

With supplementarj'- nicotinic acid or tryptophan the depletion of the 
N nicotinic acid stores is prevented. In this respect the beneficial action 
-of the amino acid is interpreted in the light of the bios^m thesis of nicotinic 
' ’ncid. 

N‘-Methylnicotinamide does not prevent either the growth retardation 
or the depletion of nicotinic acid stores in the liver and muscle that is 
observed in rats on the deficient diet. 

BIBLIOGRAPHY 

1. Elvchjem, C. A. , Madden, R. J., Strong, F. M., and Woolley, D. W., J. Biol. 

Chem. ,12Z, 137 (1938). 

2. Chick, H., Macrae, T. F., Martin, A. J. P., and Martin, C. J., Biochem. J., 32, 

10 (1938). 

3. Harris, L. J., Biochem. J., 32, 1479 (1938). 

4. Briggs, G. M., Jr., Luckey, R. D., Teply, L. J., Elvfehjem, C. A., and Hart, E. B., 

J. Biol. Chem., 148, 517* (1943). 

5. Smith, D. T., Ruffin, J. M., and Smith, S. G., J. Am. Med. Assn., 109, 2054 (1937). 

6. Fonts. P. J., Helmer, O. M., Lepkovskj-, S., and Jukes, T. H., Proc. Soc. Exp. 

Biol, and Med., 37, 405 (1937). 

7. Spies, T. D., Cooper, C., and Blankenhorn, M. A., J. Am. Med. Assn., 110, 622 

(1938). 

S. Harris, L., and Hassan, A., Lancet, 2, 1467 (1937). 

9. Sydenstricker, V. P., Schmidt, H. L., Jr., Fulton, M. C., Xew, J. S., and Geeslin, 
L. E., Southern Med. J., 31, 1155 (1938). 

10. Ivohn, H. I., Klein, J. R., and Dana, W. J., Biochem. J., 33, 1432 (1939). 

11. Pittman, M., and Fraser, H. F., Pub. Health Rep., U. S. P. H. S., 55, 915 (1940). 

12. Dann, W. J., and Handler, P., J. Nutr., 22, 409 (1941). 

13. Klein, J. R., Perlzweig, W. A., and Handler, Y ., J . Biol. Chem., 145, 27 (1942). 



SINGAIi, SYPENSTRICKCn, AND LITTLEJOHN 


1073 -. 


14. Axelrod, A. E.,M:uldcn, U. J., and Elvclijcm, C. A., J. Biol. ChcJii., 131, 85 (1939).. 

15. Anderson, E. G., Teply, E. .T., .nnd Elvehjem, C. A., Arch. Biochem., 3 , 357' 

( 19 ) 3 - 11 ). 

10. .\xolrod, A. E., Spies, T. D., and Elvclijcm, C. A., J. Biol. Chem., 13S, 067 (.1941).. 
17. Kohn, II. I., and Bcrnlicim, F., J. Clin. Invest., 18, 585 (1939). 

IS. D.-inn, W, .1., .and Kolin, II. I., J. Biol. Chan., 136, 435 (1940). 

19. Dann, W. J. Biol. Chem., 141, 803 (1941). 

20. Ilnff, J. \V., and Pcrb.wcig, W. A., J. Biol. Chem., 142, 401 (1942). 

21. Krohl, W. A., Teply, L. .1., and Elvclijcm, C. A., Seicnce, 101, 283 (1945). 

22. Krohl, W. A., Tepiy, L. ,1., Sarnia, P. S., and Elvehjem, C. A., Science, 101, 489 

( 1945 ). 

23. Phillips, P. II., and Ilarl, E. B., J. Biol. Chem., 109, 657 (1935). 

24. Snell, E. E., and Wright, L. D., ./. Biol. Chem., 139, 675 (1941). 

25. Hundley, J. M., -Ynfr., 34, 253 (1917). 

20. Rosen, F., IIufT, J. IV., and Pcrlzivcig, W. A., J. Biol. Chem., 163, 343 (1946). 

27. Krehl, W. A., de l.a Ilucrga, .1., and Elvehjem, C. A., J. Biol. Chem., 164, 551 
(1946). 

2S. Singal, S. A., Briggs, A. P., .Sydenstrickcr, V. P., and Littlejohn, J. AI., J . Biol^ 
Chem., 166, 573 (1946). 

29. Singal, S. A., Sydenstrickcr, V. P., and Littlejohn, J. M., J. Biol. Chem., nl^ 

203 (1947). 

30. Najjar, V. A., Hammond, M. II., English, M. A., Wooden, M. B., and Deal, C. C., 

Bull. Johns Ilophins IIosp., 74, 406 (1944). 

31. Teply, L. J., Krehl, W. A., and Elvehjem, C. A., Proe. Soc. Exp. Biol, and Med., 

58,169 (1945). 

32. Najjar, V. A., and Deal, C. C., J. Biol. Chem., 162, 741 (1946). 

33. Spcctor, H., J. Biol. Chem., 173, 659 (1948). 




THE ASSAY OF ANBIAL TISSUES FOR RESPIRATORY 
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HOMOGENATES* 

Br VAN R. POTTER, ARTHUR B. PARDEE, t and GLORIA G. LYLE 
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.tfadison) 

(Received for ptiblication, July 17, 1948) 

In tlio development of the conditions for oxalacetate oxidation in animal 
tissues two sets of variables had to be studied. In the paper by Potter, 
LePage, and Ivlug (1) the homogenate was the chief variable. It was 
shown that isotonic KCl homogenates were superior to water homogenates, 
that the enzj’^me w’as stable in KCl homogenates at 0 ° for 6 hours or in the 
animal for 30 minutes post mortem, and that the enzyme was rapidly 
inactivated in the absence of substrate and cofactors at 38°. The present 
paper will report the results of studies in which the reaction mixture was 
varied in an attempt to define the optimum conditions for the oxidation, 
which are approximately the same as those previously used (1). The 
importance of this work lies in the fact that this reaction mixture can be 
used as a basis not only for studying the oxalacetate oxidation per se but 
also for studies on endergonic reactions which must be coupled to adenosine 
triphosphate (ATP) . It must be emphasized, however, that the conditions 
described below are not necessarily the optimum for endergonic syntheses 
but are to be considered as a basis for further development of such reac- 
tions. 


EXPERIMENTAL 

Methods — Oxygen uptake was taken as a measure of enzyme activity, and 
the measurements were made in a conventional Warburg apparatus at 38 . 
In addition, it was frequently desirable to determine the rate of substrate 
disappearance and of product formation. This was done by stopping the 
reaction in appropriate flasks at various intervals by adding 2 ml. of cold 
17.5 per cent trichloroacetic acid. The precipitated proteins were then 
centrifuged in the cold, and aliquots of the supernatants were analyze . 
The homogenates were always prepared with 9 volumes of isotonic KC 

* This work was aided in part by a grant from the Jonathan Bowman Fund for 

Cancer Hcsearcb. i -n v 

t Merck Postdoctoral Fellow in the Natural Sciences under the National Research 

Council. 
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per weight of tissue, with the precautions as to speed and cold pre\’iously 
indicated (1). Cold homogenates were added to cold reaction mixtures, 
which were then placed in the 38° bath. The final volume was alwaj^s 3.0 
ml. Readings were taken every 10 minutes, following a 10 minute equili- 
bration period. 

The analytical work herein reported involved mainly the disappearance 
of oxalacetate and the formation of citrate, although in experiments not 
reported determinations for a-ketoglutarate, succinate, and malate were 
carried out and these substances were shown to be formed in the few re- 
actions examined. Oxalacetate gives the same reaction with 2,4-dini- 
trophenylhydrazine that is given by pyruvate when the treatment with the 
reagent is continued for 20 minutes in the direct method of Friedemann 
and Haugen (2). Interference due to a-ketoglutarate can be corrected by 
determining the optical density at two wave-lengths (480 and 580 myn), 
but in most of the work this was not necessary. Since o.xalacetate and 
pyruvate give the same color density, the determination of keto acid dis- 
appearance reveals the conversion of oxalacetate and pyruvate into other 
compounds and does not show any interconversion that may occur between 
the two compounds. The primary product of the o.xidative reaction that 
results in oxalacetic disappearance is not knorni, but the formation of 
it’-ate would constitute strong evidence that the Krebs condensation had 
iccurred. This substance was determined by the pentabromoacetone 
method as modified by Natelson et al. (3), vdth single extractions suggested 
by Lardy (4). The method may be further simplified by carrying out the 
reactions and extractions in open 50 ml. graduated centrifuge tubes. The 
extractions can be completed in about 1 minute by means of a high speed 
stirrer in place of shaking. Aliquots containing 10 to 60 y of citric acid are 
suitable (3). 

Opiimiim Concentrations — Table I summarizes a number of experiments 
in which varying concentrations of ATP, oxalacetate, MgCL, inorganic 
phosphate, and KCl were individually tested in the presence of the opti- 
mum concentrations of all the other reactants. Homogenates of rat 
Iddney and rat liver were tested and gave approximately the same optima. 
Cytochrome c was present in all the flasks at a concentration of 1.3 X 10~® 
M, although the beneficial effect was very slight and the compound could 
probably be omitted for most purposes. For example, in another set of 
experiments, the omission of the cytochrome decreased the o.xygen uptake 
from 125 to 118 microliters per 20 m inutes in the case of kidney and from 
89 to 76 microliters in the case of liver. 

All of the experiments in Table I were carried out with K salts instead 
of Na salts. In separate experiments it was found that the use of K salts 
produced a very'^ marked stimulation in the case of kidney, while the effect 
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in the ease of liver, though slight , was still significant. Thus with kidney 
homogenate, the average of two experiments clone in triplicate was 126 
microliters jmr 20 minutes witli K salts and only 71 microliters with Na 
salts. With liver the values were 114 and 101 microliters respectively. 


T.\ni,i: I 

Oplimum Conditions for Oxatocctic Oxidase System in Liver and Kidney Homogenates 
The source of enzyme w.os r.ot (issue; 0.3 ml. of kidney or 0.5 ml. of liver as a 10 per 
cent homogcimte in isotonic KCI w.ns .idded to e.nch flask. The data for each com- 
pound were obtained from (wo or more o\-periments in duplicate, with freshly pre- 
pared homogenates. Thus the variation in animals is the source of the variation in 
plafe.au v.alucs obtained with various compounds. Each compound was studied at 
varying concentrations and all other compounds were held constant and at the opti- 
mum v.alucs. In addition to materials in the table 1.3 X ItT^ m cytochrome c was 
present in each flask. The concentration of each component selected for the stand- 
ard technique is indicated by bold-faced type. The measure of activity was arbi- 
trarily t.aken as the microliters of oxygen taken up in the 20 minutes following the 10 
minute equilibration period. 


ATP 

Oxalacctalc 

j MgCh 

j Phosphate 

KCI* 

Molaritr 
X 10* 

! 

! Molanty 
t X I0> 

1 Oi 

1 ^^ola^^ty 

i X 10’ 

! 

‘ Molarity 
' X 30’ 

0: 

Molarity 
X 10= 

1 

Kidney 

0 

13 ! 

0 

, 

12 

0 

57 

0 

59 

0 

39 

3.3 

01 I 

0.0 

01 

3.3 

132 

1.7 

100 

3.3 

115 

G.7 1 

112 

1.8 ' 

120 1 

3.3 

129 

3.3 

103 

6.7 

130 

10.0 

124 

2.7 

122 1 

5.0 

129 

6.7 

116 

10.0 

132 

10. 7 

120 

4.4 

97 1 

0.7 

125 

10.0 

120 





1 ' 

1 


1 

i 

16.7 

1 

120 



Liver 

0 

32 

1 0 

41 

0 

00 

0 

68 

0 

35 

3.3 i 

05 

0.9 

58 

1.7 

82 

1.7 

74 

3.3 j 

' 91 

0.7 

75 

1 l.S 

85 

3.3 

74 

I 3.3 

71 

6.7 1 

81 

10 .0 

1 80 

2.7 

85 

5.0 

80 

6.7 

72 

13.3 

60 

10.7 

90 

4.4 

I 80 

0.7 

78 

10.0 

75 

26.7 

61 


1 


j 



16.7 

80 




* Docs not include KCI in the homogenate. 


The data in Table I were obtained with reaction mixtures of approxi- 
mately pH 7.0. Earlier work was done at about pH 7.4. The effect of 
pH on the oxygen uptake is shown in Fig. 1- The optimum pH for the 
system is not a property of any one enzyme, but represents the resultant 
of the various optima of different enzymatic components of the system. 
This fact probably explains the difference between the pH curve for liver 
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compared to kidney, in which the ratio of the various enzymes in- 
volved is considerabl}’’ different. 

None of the data in Table I were obtained with mixtures that included 
DPN (diphosphopyridine nucleotide, coenzyme I). A large number of 
experiments were carried out on a series of ATP levels with and without 
added DPN. The DPN was of high purity (about 80 per cent), obtained 



Fig. 1 Fig. 2 

Fig.1. Effect of pH on oxalacetate oxidation by isotonic KCl homogenates of rat 
kidney (30 mg.) or liver (50 mg.). The reaction mixture was as described in the te.xt 
except that the phosphate buffer was increased to 0.033 m. The data are averages of 
two experiments in duplicate. The pH values were essentially constant during the 
experimental period. 

Fig. 2. Effect of tissue concentration on rate of oxygen uptake in the oxalacet.ate 
system, as described in the te.xt. 

from Dr. G. A. LePage. The e.xperiments showed that at low levels of 
ATP DPN produced marked stimulation, but, as the level of ATP was 
increased, the effect of DPN disappeared. It appears that DPN is not 
needed per se but that it can substitute for ATP, particularly in a system 
that contains a limiting amount of ATP. These results can be interpreted 
more readily in view of the recent results of Kornberg and Lindberg (5) 
who reported that an enzjme from kidnej’’ splits DPN to adenylic acid and 
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uicotinamido ribose phosphate. Since adenylic acid can be phosphorylated 
to ATP in the reaction mixture wc employ, the effect of DPN is probably 
merely to servo as a source of ATP. The neu' DPN-splitting enzyme is not 
inhibited by nicotinamide (5), and we have been unable to obtain any 
beneficial effects with nicotinamide in the oxalacetate system in kidney and 
liver homogenates. In contrast to the Iddney enzyme the DPNase in brain 
and in tumor is inhibited by nicotinamide, and no doubt each tissue will 
have to be studied individually to determine the effect of various additions 
on the system- 

The data in Table I show that the addition of inorganic phosphate 
produces a marked stimulation and that high amounts of phosphate are 
not harmful. The higher levels of phosphate give much better buffering 
capacity, but, if changes in the phosphate concentration due to oxidative 
phosphorjdation are to be studied, the experimental error becomes too 
high to permit accurate determination of small changes. The level of 
phosphate to be used is therefore a compromise between these two con- 
siderations and is generally at the high level when changes in the level are 
not being studied. The control of the pH of the reaction is one of the 
problems not fully solved. The initial addition of oxalacetate lowers the 
pH because the oxalacetic acid is only three-fourths neutralized. Large 
amounts of this oxalacetate can lower the pH to a damaging level. How- 
ever, the decarboxylation to pyruvate results in the loss of 1 acid equiva- 
lent, and causes an alkaline shift if fully neutralized oxalacetate is used. 
High levels of tissue can tolerate high levels of the oxalacetate much 
better than lower levels of tissue because of the more rapid removal of 
acid equivalents. 

An examination of the data in Table I shows that the following levels of 
reactants are satisfactory for both kidney and liver : 0.067 m KCl, 3.3 X 10"^ 
M MgClo, 3,3 X 10-3 potassium phosphate, 1.3 X 10"® m cytochrome c, 
2.7 X 10-3 M oxalacetate, and 1 X m ATP (K salt).^_ The first four 
components can be combined into a stock solution of which 1.5 ml. are 
added per flask. The solution is prepared by adding 1 .49 gm. of KCl, 0.203 
gm. of MgCls-OHsO, 0.136 gm. of iai 2 P 04 , and 10 ml. of 4 X 10-^ M 
cytochrome c to 140 ml. of water, adjusting the pH to 7 .0 with KOH, 
and making up to a final volume of 150 ml. 

In addition to the 1.5 mi. of stock solution per flask, water is added to 
make final volume 3.0 ml., followed by 0.3 ml. of 0.01 st ATP, 0.3 ml. 
of 0.0267 M fresh oxalacetate, and 0.2 to 0.7 ml. of 10 per cent KCl homoge- 

* A commercial sample of sodium ATP (Rohm and Haas, Philadelphia) was found 
to be unsatisfactory in this svstem unless given further purification designe o re 
move traces of metallic inhibitors. The material as received yielded about 50 per 
cent activity compared with ATP prepared by Dr. G. A. LePage. 
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nate. All components were kept cold. The center wells were prepared 
before the oxalacetate addition, vdth 0.2 ml. of 2 n NaOH and filter paper. 
Table I shows that the addition of considerable amounts of extra KCl is 
without effect, and in general the variations in the amount of homogenate 
or addition of moderate amounts of extra substrates or inhibitors were 
compensated by merely adjusting the volume of the Avater added.- 

Proporlionality — One of the requirements of an assay system is that the 
amount of oxj'gen uptake is proportional to the amount of tissue added. 
The conditions described above permit oxygen uptakes Avithin the range 
of conA'-enient manometric measurement that are proportional to the 
amount of either kidney or liver homogenate, as shoAA’n in Fig. 2. With 
higher levels of oxalacetate such data are not obtained, and the devia- 
tion is especially marked at the loAA’^er levels of tissue. The data in Fig. 2 
shoAA' a slight displacement to the right, AA'hich may be related to the oxal- 
acetate effect or may be due to traces of some metal contaminant, al- 
though extreme precautions are taken to avoid metals. 

Nature of Reaction — It is still not possible to accept the oxygen uptake 
data as an assay of a single enz 5 Tne. It appears that the oxalacetate is 
oxidized via the Krebs cycle, and in the case of liver and kidney appreciable 
amounts of citrate are formed. If the amounts of keto acid disappearing 
are plotted against time, it is seen that there is a rapid disappearance of 
keto acid, together AAuth a rapid rise in citrate and malate. The reaction 
can also be analyzed by examining the effect of vaiying concentrations of 
the substrate upon substrate disappearance, oxygen uptake, and citrate 
formation, as shoAAUi in Fig. 3. Six different tissues, including tAvo types of 
tumors,® AA-ere studied on this basis. The incubation time AA-as 40 minutes 
and AA-as chosen on the basis of the experiments referred to aboA'-e. Al- 
though malate AA-as not determined in this series of experiments, the data 
shoAv that increasing amounts of oxalacetate result in a diminution of the 
oxj'gen taken up, AA-hile the amount of keto acid disappearing increases. 
This indicates that AA-ith increasing amounts of oxalacetate the reduction of 

- The function of the KCl appears to be mainly the regulation of the tonicity of the 
solution. A number of experiments were done with sucrose in place of KCl in view of 
recent studies with this compound (6). Isotonic sucrose homogenates (S.5 per cent 
sucrose) were superior to 30 per cent sucrose homogenates, although the latter appear 
to preserve the mitochondria better (6). The optimum final sucrose concentration 
was between 2.5 and 5.5 per cent. In 4.5 per cent sucrose the reaction w-as inde- 
pendent of KCl concentration up to 6 mg. of KCl per ml. Apparently the require- 
ment for K ion is met by the other K salts in the medium. Sucrose homogenates 
showed no advantage over KCl homogenates in the oxidation of oxalacetate, al- 
though other possible advantages are not ruled out. 

3 We are indebted to Mr. B. E. Kline for supplj-ing us Avith rats bearing the Flexner- 
Jobling and the Walker No. 256 transplantable tumors. 
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oxalacetato to malatc assumes increasing importance and a dismulation of 
oxalacetate to malatc and citrate begins to supplant the oxidative conver- 
sion of oxalacetate to citrate. These results with extremely small quanti- 
ties of rat tissue fortified with ATP are thus in harmony with the older 
data in the literature, in which minces of pigeon breast muscle were used 
by Krebs (sec (7)). They are also compatible with the results of Kalnit- 
sky (8), wlio has used high concentrations of oxalacetate in the study of 
citrate formation. It is interesting to note that negligible quantities of 
citrate were formed by brain and heart homogenates, although keto acid 



removal of oxalacetate, and applies to all of the tissues 


disappeared and oxygen was taken up. The citrate 

charts is of course the resultant of the rates of formation 

Thus the lack of citrate formation in the case of low eve s o -n-hen 

kidney and liver is due to the fact that the citrate orma lo , ^ 

the oLlacetate was used up, and the accumulated ‘^^trate 

The results with the tumor tissues support the ear ler “ , 

in addition that not only is the oxygen uptake very low but that 

^keto acid disappearance is very low also. .-nitinl nart 

^ The above reLts suggest that the oxygen 
of the reaction may be a measure of that portion of the Krebs cycle an, cn 
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is most closely connected witli the oxidative phase of oxalacetate removal; 
hence our use of the term “oxalacetic oxidase.” It is clear that the o.xygen 
uptake very rapidly becomes the sum of several o.xidative steps occurring 
in other parts of the cycle. Furthermore, the occurrence of alternative 
metabolic pathways is not excluded. For example, oxalacetate to pyru- 
vate to acetate to acetoacetate could occur. However, the presence of 
oxalacetate tends to deflect this pathway into the I&ebs cycle, as 
Lehninger has shown (9). 

In view of the probability of other reactions in the cycle contributing to 
the oxygen uptake, it was of interest to determine the rates of o.xidation for 
some of the compounds that might be involved. This was done with four 

Table II 

Relative Rates of Oxidation of Substrates 

The source of enz 3 Tne was rat tissue; 0.3 ml. of kidney, 0.5 mi. of liver, 0.4 ml. of 
heart, or 0.7 ml. of brain as a 10 per cent homogenate in isotonic KCl was added to 
each flask. The standard reaction mixture was used, except that phosphate was 
16.7 X 10"5 M and the substrates were 3.3 X 10"’ M. The o.xygen uptake in the 20 
minutes following the 10 minute equilibration was taken as 100 for oxalacetate and 
the uptakes for other substrates are given relative to this value. The actual rates 
for oxalacetate are given as Qo,. The results are averages of duplicates on each of 
two animals generally. 



Kidney 

Oo, 

Liver 

<?0. 

Heart 

OOi 

Brain 

Oxftlflnntfitft 

100 

52.0 

100 

16.1 

100 

25.5 

100 

Pyruvate 

59 


79 


123 


83 

Citrate 

39 


85 


19 


27 

a-Ketoglutarate 

97 


92 


156 


81 

Succinate 

65 


80 


71 


68 

Malate 

55 


75 


46 


41 

No substrate 

8 


44 


2 


32 


different tissues by use of pyruvate, citrate, a-ketoglutarate, succinate, 
malate, no substrate, and oxalacetate for comparison. The results are 
shown in Table II. In each case the data are given in comparison with 
oxalacetate taken as 100 for the given tissue, but the absolute value for 
oxalacetate is also given. In heart homogenate, pyruvate was superior to 
oxalacetate, but in the other tissues it was not as actively oxidized. Simi- 
larly a-ketoglutarate was rapidly utilized by heart. In contrast, citrate 
was veiy poorly utilized by heart, brain, and kidney in comparison with 
oxalacetate. hlalate was also poorly utilized in comparison with oxal- 
acetate. Thus there is little reason to believe that any member of the 
Krebs cycle could be substituted for oxalacetate in this system without 
substantially changing the results. In the data given in Table II, the 
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svibstvatcs were used at the same level as oxalacetate. In the assay, they 
would be present at much lower levels. The data in Table II do not 
represent the maximum rates for the other substrates by any means, while 
the rates for oxalacetate represent the maximum that we have been able to 
attain. Succinate could bo oxidized much more rapidly by adding calcium 
and increasing the succinate concentration (10). Malate could be oxidized 
more rapidly by adding DPN and glutamate (11). The test system there- 
fore applies chiefly to oxalacetate. It may be noted that a mixture of 
o.xalacetafc and pyinvntc is no better than oxalacetate for experiments 
such as those described in this paper, although the mixture may offer some 
advantages in that larger amounts may be used with less alteration in 
the acid-base balance.^ 


DISCUSSION 

The conditions for maximum exj^gen uptake in the oxalacetate system 
involve the use of a very low substrate concentration and the reaction 
soon fails for lack of substrate. The data suggest that the optimum sub- 
strate concentration is very low and in normal tissue in situ the oxalace- 
tate concentration is probably no higher than this at the most. Howeve^ 
in situ the oxalacetate and pyruvate are continually being replenislmd and 
in addition the oxalacetate is in equilibrium with pyruvate an C 3 y 
means of the Wood-Werlunan reaction. In the Warburg flask, theuse ofthe 

CO3 absorbers in the center well cuts doum the chances for this reaction to 

operate and limits the supply of oxalacetate to the original amount p us 
what can be formed from malate. Since the oxalacetate becomes ep e e 
by decarboxylation, the studies in vitro are hampeied by 
keep up the supply of oxalacetate. Possibly the reaction would benefit by 
the use of bicarbonate buffer and CO2 in the gas phase (c/. reen ® ^ • ■ 

The measurement of the oxygen uptake with the optimum eve ® ^ 

acetate for maximum rate is probably a fair measure o e oxi 
component of the reactions involved in the formation o ci ra e, u 
must be some reservations about any studies that invo ve ox> 
alone, arid it is desirable to make analyses for as many pro uc s 
Tho complete lack of eitate accomolatioo iu heart and ^ 
question of whether or not it ivas formed, and it wou e tissues 

interest to know whether acetate was formed to any ex en i 

* While the mixture of pyruvate and oxalacetate ° thTl^xture 

for short e-xperiments with liver and Iddney is present, other 4-car- 

gives superior results with heart and brain, and, obtained with 

yondicarboxylic acids give results that of oxalacetate and py- 

Joxalacetate only. With oxalacetate alone, an op heart or brain 

ruvate appears to be rapidly attained in liver and kidney but not in 

homogenates. (Added in proof.) 
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or in the tumor tissues. The observations on tumor tissues are of interest 
in view of the earlier findings of Elliott and Greig (13). Using tumor 
slices treated with malonate, they found no conversion of p 5 '’ruvate to 
succinate, although some keto acid disappearance was noted, and acetic 
acid was tentatively identified. 


SUMMARY 

1. Optimum conditions for the study of the oxidation of oxalacetic acid 
by isotonic KCl homogenates of rat liver and kidney were described. 

2. The final concentrations of reactants in the optimum system were 
0.067 M KCl, 3.3 X 10~^ m MgCli, 3.3 X 10“® M potassium phosphate, 
1.3 X 10~® M cytochrome c, 2.7 X 10~® m oxalacetate, and 1 X 10~’ M 
ATP. From 0.2 to 0.7 ml. of 10 per cent homogenate could be used, 
depending on the tissue being examined. The final volume was 3.0 ml. 

3. The rate of oxygen uptake was proportional to the tissue concentration, 
within the range of convenient manometric measurement. 

4. The optimum pH was about 7.0, and the use of potassium salts 
gave better results than when all sodium salts were used. 

5. Analj’^ses for citrate accumulation showed that this compound was 
formed when liver and kidney were used, but when brain, heart, and tumor 
were studied, the citrate accumulation was negligible. However, in brain 
and heart there were appreciable oxj’’gen uptake and keto acid disappear- 
ance, while with the tumors (Flexner-Jobling and Walker No. 256 rat 
transplantable tumors) oxygen uptake and keto acid disappearance wer 
both very low. 
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INHIBITION OF SUCCINIC DEHYDROGENASE BY 
OX.-VLACETATE-' 
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With thh Tixiinicai. Assistance or Gloria G. Lyle 

{From the Mc.Udlc Mauorinl Lahoratonj, Medical School, University of Wisconsin, 

Madison) 

(Received for iniblicntion, July 17, WIS) 

Although the inhibition of succinic dehydrogenase bj’’ oxalacetate is a 
generally accepted fact, there is a paucitj^ of data on the subject. In 1937 
Das (1), using a modified Thunberg technique, reported that the enzyme 
was 50 per cent inhibited by 2 X lO'* m oxalacetate when the succinate 
concentration was 0.025 ii. In 1939 Potter (2) reported that the oxi- 
dation of succinate by liver and kidnej’’ homogenates was inhibited by 
cozjTnase (DPN). Keilin and Hartree (3) and Mann and Quastel (4) at- 
tributed this effect, no doubt correctly, to the foimation of oxalacetate, 
although no data on the effect of oxalacetate were presented. The inhib- 
Hoo' effect of DPN upon the succinate system was later studied by 
iMngle, Axelrod, and Elvehjem (5) who also determined the effect of 
ixalacetate upon the succinic dehydrogenase system by measuring oxygen 
iptake. They reported that at succinate concentrations of 0.045 m oxal- 
■cetate produced 98, 05, and 22 per cent inhibition at concentrations of 
iO, 10, and 5 X 10-^ ji. From the data given it is not possible to tell 
vhether the inhibition was transitory, as will be shovm below, or whether 
he experiments were of such short duration that the ecrease i i i lou 
vas not revealed. Since "U’e found that the inhibition ec me va i mi j 
t is clear that the earlier experiments (1, 5) cannot be accepte as quan i 
ative measures of the inliibition by oxalacetate. ey o, ’. . 

tablish the fact that this substance has a remarkable affinity for the 
mzyme; remarkable because it appears to be at least 1000 g 

han the affinity of the normal substrate for the enzyme, an e ' 

icetate has been assumed to be formed in the course o , ■_ 

[f the physiologically formed oxalacetate °^^°nfniind reaulatory 

iation as added oxalacetate, the inhibition would ave pr 

ffiects upon oxidative metabolism. Such does not seem to be the case, 

however, although the reasons are as yet obscuie. 

* This work has been supported in part by the Jonathan Bowman Fund for Cancer 

Research. „„rlpr the Xational Research 

t Merck Postdoctoral Fellow in the Natural Sciences un 

Council. 
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EXPERIMENTAL 

Keactions were carried out in Warburg flasks at 38°. To each flask were 
added at 0°, in the order given, water to make the final volume 3.0 ml., 
0.1 ml. of 1 M K phosphate buffer at pH 7.4, 0.1 ml. of 4 X lO"^ m cyto- 
chrome c, various amounts of 10 per cent water or KCl homogenates of 
rat tissues, 0.1 ml. of a solution containing 0.012 m CaClo and 0.012 M Aids, 
and 0.3 ml. of 0.5 m sodium succinate essentially as in the succinoxidase 
assay system (6). In addition, various concentrations of freshly prepared 
oxalacetate and pyruvate were added in order to test their separate and 
combined effects upon the succinic system. The ox 5 ’’gen uptake was 
measured at 10 minute intervals after a 10 minute equilibration. Zero 
time was talien as the time when the flasks were placed in the 38° bath, 
which was immediately after the oxalacetate addition. O.xalacetate or 
pyruvate additions followed the succinate addition. 

In reporting the data, the oxygen uptake for successive 10 minute periods 
is plotted against time at the mid-point of each time interval. Since in 
the succinate system the substrate is present in large excess in order to give 
the maximum velocity, this method of plotting the data gives the rela- 
tive amount of the functioning succinic dehydrogenase throughout 
the course of the experiment. 

Total keto acids were determined by the direct method of Friedemann 
and Haugen (7). In this procedure, oxalacetic and pyruvic acids give 
the same result w'hen the incubation ndth the reagent is 20 minutes. 

Later experiments were carried out vdth the succinate and oxalacetate 
added to the oxalacetate oxidizing system, w^hich contains no Ca or Al, and 
has Mg and adenosine triphosphate (ATP) added (8). Under the con- 
ditions described for the succinoxidase sj^stem (6) the homogenate will 
not oxidize malate, oxalacetate, or pyruvate, and oxidizes succinate quan- 
titatively to fumarate and malate.^ 

Inhibition by Oxalacetate — When succinate is added to the succinoxidase 
system, the rate slowly declines in a linear fashion, as previously described 
(9) and as shoum in the top curve of Fig. 1. From the initial rates of five 
similar experiments with variable amounts of succinate the Michaelis- 
Menten constant (10) was determined for this system and the average 
value of 0.006 mole per liter was obtained for subsequent calculations. 
IVhen various amounts of 0.001 m oxalacetate were added to the standard 
succinate sj^stem, the oxidation w'as strongly inhibited, but with the passage 
of time the inhibition diminished, so that the rate of the oxidation progres- _ 
sively increased and approached the declining control curve for succinate 
alone (Fig. 1). Anal 3 ’-sis of the flask contents at the end of the experiment 
showed that the total keto acid was the same as at the beginning. 


1 Unpublished experiments. 
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In view of the fuel that neither oxalacetic nor pyruvic acid is oxidized 
in this system plus the known fact that oxalacetate is both spontaneously 
and enzjTnatically decarboxylated to p 3 ’^ruvate, it is concluded that the re- 
lease from inhibition is due to the decarboxylation of the oxalacetate to 
pj'ruvate. 

It was found that oxalacetate produced 50 per cent inhibition at a final 
concentration of approximatelj’' 2 X 10~*^ m based on the initial inhibition. 
At concentrations at which oxalacetate produces 50 to 100 per cent inhi- 
bition, pjTUvate is without effect; so that conversion of oxalacetate to 



X lu. X 

Fig. 1. Transitory inhibition of the succinoxidnse system by various amounts of 
oxalacetate. Succinoxidase assay system described in the text, nith 0.2 m . o a 
per cent water homogenate of rat liver per finsk. Concentrations o oxa ace a e 

as in Fig. 2, for the corresponding symbols. i * +„ 

Fig. 2. Stabilization of the inhibition of the succinoxidase system by oxa acetate 
(OAA) when pyruvate is present. Succinoxidase system as in Fig. 1. xa ace 
concentrations refer to the final molarity. 


pyruvate would account for the release from the inhibition. ma con 
centrations of 0.1 pyruvate or a-ketoglutarate gave 50 per cen m i i 
tion, while malate and aspartate at similar concentrations a no e ec . 
The effect of oxalacetate is unique in our experience wit or y or in 
hibitors of the succinic system (9), since no other inhibitor ^ye 
mediate inhibition that decreased with time. ^ Previous i i i ors 
»<iither acted at once and maintained the inhibition, like ina ona e, r 

iven progressively grreafer inhibition, like quinone. e e avmr 

->^cetate, as shmvni Fig. 1, indicates that oxalacetate forms a dissociable 

complex with succinic dehydrogenase, as do succinate 
Since both Ca and A1 have been shown to increase the spontaneous 
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decarboxylation of oxalacetate (11), experiments with either or both of 
those ions omitted were carried out, but the results were not affected verj’ 
much and are complicated by the possibility of oxalacetate formation from 
succinate. On the other hand , when the amount of homogenate was varied, 
the rate at which the oxalacetate effect wore off ivas greatlj’’ increased, as 
wall be shown later. This effect is attributed to the enzymatic decarboxy- 
lation of oxalacetate to pyruvate. Furthermore, the rate of release from 
oxalacetate inhibition was different in different tissues, which fell in the 
following order of decreasing rates: kidney, liver, heart, brain, and tumor 
(Walker No. 256 rat carcinoma). This property is probably a reflection 
of oxalacetate decarboxylation but was not studied e.xtensivel}’’, and most 
of the experiments were carried out with rat liver. 

Inhibition by Oxalacetate Plus Pyruvate — Since moderate concentrations 
of pyruvate do not inhibit succinate o.xidation, it is possible to study the 
effect of pyruvate on the oxalacetate inhibition. It appears that at least 
with the low concentrations of oxalacetate used in these e.xiieriments py- 
rm^ate inhibits oxalacetate decarboxylation. In experiments in which var- 
ious levels of oxalacetate were studied in the presence of m/ 150 pyruvate, 
the inhibition of the succinate system remained relatively constant through- 
out the experiment, showing a veiy slow rate of release (Fig. 2). These 
curves are in marked contrast to those in Fig. 1. The testing of the inhi- 
bition of the succinate system vdth and without pyruvate appears to be a 
highly specific test for oxalacetate, and is applicable to quantities of 10 
to 50 7 . These amounts are far below the quantity required for methods 
that depend on CO 2 evolution. The test may be of some value when it is 
necessary' to distinguish between oxalacetate and pyruvate. 

Inhibition by Oxalacetate Produced from Succinate — In the assay method 
which has been proposed for the succinoxidase system (6), calcium and 
aluminum ions were added because of their demonstrated stimulator’ 
effects, which were believed to be indirect. Swingle, Axelrod, an 
Elvehjem (5) had proxdded substantial evidence favoring the view ths 
calcium is stimulatoiy because it accelerates the breakdown of DPN cor 
tained in the homogenates. It was postulated that the DPN in the home 
genates would be sufficient, in the absence of calcium ions, to yield inliib 
itory amounts of oxalacetate. However, they did not determine the ket 
acids formed in the presence or absence of calcium in the succinoxidas 
sj'stem. Such a determination would test directly for the occurrence 0 
the malate to oxalacetate step. We have now tested their idea by deter 
mining the effect of various additions to the succinoxidase system in term 
of keto acid formed and oxygen taken up. The results of three such cx 
periments with rat kidney' homogenates are shovra in Fig. 3. The sami 
experiment was also carried out wdth liver with similar though less strikrnf 
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results.^ Tlie decreased oxygen uptake is clearly correlated with the 
formation of keto acid, which in view of the results in Figs. 1 and 2 
must be a mi.xturc of oxalacetic and p 3 Tuvic acids. For e.vample 0.3 micro- 
mole of keto acid per flask is 1 X 10"^ Rt, which if 100 per cent oxalacetate 
would produce much more inhibition (Fig. 2) than was actually observed 
(Fig. 3). 



PM KETO AGIO FOUND P6 DPN ADDED 

Fig. 3 Fig. 4 


Fig. 3. Plot of oxygen uptake against koto acid formed in the succinoxidase system 
under various conditions to show that the formation of keto acid decreases the oxygen 
uptake. E.xperiments with tlircc different rats represented by three different sym- 
bols. Each experiment was performed with 0.2 ml. of a 10 per cent cold isotonic KCl 
homogenate of rat kidnev. Part of the curve, marked -f-Ca, represents conditions 
of standard succinoxidase assay (except for homogenate), the middle part of the 
curve, marked — Ca, represents the effect of omitting calcium, and the lower part of 
the curve, marked — Ca, -PDPN, represents the effect of omitting calcium and add- 
ing DPN (approximately 400 7) . 

Fig. 4. Effect of adding various amounts of DPN to the succinoxidase system in 
terms of both o.xygen uptake and keto acid formation. Standard succinoxidase 
system with 0,1 ml. of ,a 10 per cent water homogenate of rat kidney. 

The oxygen uptake was quite constant during the 60 minute period in 
the flasks in which Ca was omitted or DPN was added (Fig. 3), indicating 
that a steady state level of oxalacetate was rapidly reached. In other 
experiments with periodic sampling, the total keto acid increased with time. 
There was thus a continual production of oxalacetate that was maintained 
at a constant level by concomitant conversion to pyruvate. 

\ ^ The data in Fig. 3 were obtained with KCI homogenates, but water homogenates 
gave almost identical results. With liver, however, the water homogenate did not 
give the same quantitative result that was obtained with the KCl homogenate, in 
all cases, decreased oxygen uptake was correlated with increased total keto acid. 
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The succinoxidase system is very sensitive to the presence of DPh' be- 
cause of the resultant oxalacetate that is formed: increased amounts of 
DPN (20 to 80 y) give increased amounts of keto acid and decreased oxygen 
uptake (Fig. 4). 

These results emphasize the importance of observing the recommended 
conditions for the succinoxidase assay system (6). Together with the re- 
sults in Fig. 1, they show that the succinate to fumarate step can be iso- 
lated, and that, if small amounts of oxalacetate are formed initially, the 
resulting inhibition will disappear. Thus the maximiun rate observed is 
the best measure of the succinoxidase system. In practice, the initial read- 
ings are seldom low. 

Prevention of Oxalacetate Effect — In view of the failure to obtain maxi- 
mum succinate oxidation in homogenates in the absence of calcium, it was 
always difficult to explain how Rosenthal (12) obtained the same rates of 

Table I 

Prevention by ATP o} Inhibition of Sticcinoxidase by Oxalacetate 

Oxalacetate system as described by Potter, Pardee, and Lyle (8), with 0.2 ml. of 
a 10 per cent isotonic KCl homogenate of rat kidney plus 0.1 ml. of 0.5 m succinate, 
and, where indicated, calcium and aluminum as in the succinoxidase system de- 
scribed in the text. O.xygen uptake, microliters in 20 minutes; all measurements in 
duplicate; volume, 3.0 ml. 


Reaction conditions 

Oxalacetate added 

None 

0.00267 SI 

With 0.001 M ATP 

117.5 

132.6 


81.3 

5.0 

Witli ATP + calci\iTY\ and alnminvim ' 

57.1 

0 



oxidation in rat liver slices that we obtained with homogenates. His re- 
sults and the question of whether the oxalacetate concentration is a phys- 
iological regulator of succinate oxidation led us to test the effect of o.xal- 
acetate on succinate oxidation in a homogenate system that we regard as 
“physiological;” namely, the isotonic KCl homogenate, fortified with ATP 
and Mg (8). To our surprise, relatively large amounts of oxalacetate 
failed to inhibit succinate oxidation. In Table I it is shown that with the 
reaction mixture and the amount of oxalacetate that is optimum for the 
oxalacetate oxidation (8) oxidation proceeds vigorously when succinate i; 
present with or without oxalacetate (132.6 and 117.5 microliters of O 2 ) 
On the other hand, when ATP is either omitted or added in the presence 
of calcium ions, which accelerate the dephosphorylation of ATP, the pres- 
ence of oxalacetate prevents the oxidation of succinate. Thus oxalacetate 
inhibits succinate oxidation in the absence of ATP but not in its presence. 
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In other experiments it was possible to show that in a reaction mixture 
containing oxalacetate, ATP, and succinate delayed additions of calcium 
ions produced almost immediate inhibition of the succinoxidase system, the 
degree of inhibition depending upon the time of calcium addition. It ’was 
as if the oxalacetate were in a form that would not inhibit the enzyme and 
the addition of the calcium caused the oxalacetate to resume the inhibitory 
fonn. It may be emphasized that calcium per se does not inhibit the 
succinoxidase system. The question arises as to whether in the presence 
of ATP the oxalacetate might inhibit succinate oxidation but by being 
oxidized itself might obscure the succinate oxidation. In Table II various 
amounts of oxalacetate were added to a system containing ATP, with and 
Vp-ithout succinate. In the absence of succinate, the data show that the 
lower levels of oxalacetate were incapable of giving a rate of oxygen up- 
take that would account for the amount observed when succinate was also 


Table II 

Oxidalion of Sued note tn Presence of Ozalacetate and ATP 
0\alacct<\tc system as described by Potter, Pardee, and Lyle (8), with 0 3 ml of 
a 10 per cent isotonic KCI homogenate of rat kidney plus 0 3 ml. of 0 01 sr ATP with 
various amounts of exactly neutralized oxalacctic acid tilth and without succinate 
Volume, 3 0 ml.; oxygen uptake, microliters in 20 minutes 


Succinate 


Pinal ocalacetate concentration (X 10* u) 



0 

33 

67 

13 3 

1 26 7 

33 3 

Present 

Absent 

213 

G 9 

215 

44 7 

205 S 
65 5 

1 

210 6 
84 6 

m 

m 


present. It must be concluded, therefore, that these levels of o.xalacetate 
do not inhibit succinoxidase in the presence of ATP. Yet Figs. 1 and 2 
showed that one-tenth as much o.xalacetate inhibited the succinoxidase 
system in the absence of ATP. 


DISCUSSION 

Inhihihon of Succinoxidase by Oxalacetate — The results can be accounted 
for by assuming that oxalacetate competitively inhibits the oxidation of 
succinate according to the equation 

SF 

" “ lUl -f- (X/A.)) + S 

I 

\ 

vhere v is the rate of oxygen uptake, V is a constant, S is succinate concen- 
tration, K, is the Michaelis-Menten constant, X is the oxalacetate (inhib- 
itor) concentration, and If, is the dissociation constant of oxalacetate and 
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enzyme. Let H be the rate of O 2 uptake in the absence of X, and write the 
equation in the form 

K.X 

Ki(S + K.) V 

If S is essentially constant during the measurements, as it is in these e.^- 
periments, X is proportional to (H/v) — 1, If it is assumed that the rate 
of breakdowm of o.xalacetate is first order, log Xo/X = kt, where Xo is the 
concentration of X at zero time, a plot of log {{H/v) — 1) versus t should 
give a straight line of intercept at zero time, 

Ki{S + K,) 

and slope, —k. 

Data from an experiment similar to that shown in Fig, 1, but with varia- 
ble homogenate and constant oxalacetate, were plotted in this way and 
gave the results shown in Fig. 5. The intercept at zero time, which is 
proportional to the oxalacetate added (see below'), is the same for all three 
concentrations of homogenate, showing that the initial inhibition is in- 
dependent of the amount of homogenate. In the lower left comer of Fig. 
5 the slopes of the three lines are plotted against the amount of homogenate 
and a straight line is obtained, showing that in addition to the slow spon- 
taneous decarboxj'lation there was a decarboxylation that was proportional 
to the homogenate concentration. 

With the same method of plotting the data, but ivith constant homo- 
genate and variable oxalacetate, a series of lines having the same slope 
but different intercepts is obtained (Fig. 6). ViTien the antilogs of the 
intercepts w^ere plotted against the concentration of oxalacetate, the result 
was as showm in Fig. 7. The graph should be a straight line through the 
origin and the slight displacement to the right may be due to a small spon- 
taneous decomposition before the beginning of the e.xperiment. 

The value for Ki can be calculated from Fig. 7, and is found to be 1.5 
X 10"® M. Thus oxalacetate is a much more powerful inhibitor than 
malonate, for w'hich the constant is 10"^ Ji, calculated from Potter and 
DuBois (9). 

ATP Effect — Although oxalacetate is a powerful inhibitor of the succin- 
oxidase system as shown in Figs. 1 and 2, it appears that this effect can be 
prevented b}' the presence of ATP. Whether the ATP acts by shielding 
the succinoxidase directly or indirectly or whether the ATP converts the"" 
oxalacetate to a foim that cannot combine with the succinic dehydrogen- 
ase cannot be decided at this time. It has been suggested by various in-" 
vestigators that a phosphooxalacetate may exist, but only indirect evidence 
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Fic. 5 Fro. 6 

Fig. 5. Log of — \ plotted .igalnst the time of reaction for three amounts of 
liver homogenate as indicated. Succinoxidasc system as in the text. Initial con- 
centration of oxalacetatc constant at G.7 X 10'® .m. The inset in the lower left corner 
is a plot of the slopes of the three curves against the amount of tissue used. 

FtG. G. Log of (IZ/c) — 1 plotted against the time of reaction with homogenate 
:onstant and oxalacetate variable; data from Fig. 1. 



Fio. 7. Plot of values of at zero time against concentration of oxalace- 

ate added. O, data from Fig. 6; • , from a similar experiment. 

Rsbeen obtained (c/. Lichstein andTJmbreit (13) p. 335, and Lardy ef al. 
:'l4)). The experimental conditions described above may facilitate the at- 
tempts to study this problem. 





1094 


INHIBITION BT OXALACETATE 


The results with oxalacetate are of considerable interest in connection 
with an attractive suggestion by Pauling ((15) p. 58) that the surface con- 
figuration of the enzyme is complementary to the activated substrate rather 
than to the substrate itself. He proposed to test this postulate by search- 
ing for inhibitors that have a greater affinity for the enzyme than have the 
substrate molecules themselves. The succinic dehydrogenase system is one 
of the few that presents this opportunity; both malonate and oxalacetate 
have greater afiinities than succinate for the enzyme. If ATP could con- 
vert oxalacetate to phosphoenol-oxalacetate, the configuration would be 
altered considerably, and no doubt to an extent that would prevent it from 
combining with the pointshaving succinate affinity. This would seem to 
be the simplest explanation for the data at hand, but further experiments 
will have to be devised before it can be accepted. 

SUMMARY 

1. Oxalacetate inhibits the enzymatic oxidation of succinate. The 
dissociation constant of oxalacetate and enzyme is 1.5 X 10“® m. 

2. The oxalacetate gradually breaks down to pyruvate and the inhibi- 
tion disappears. 

3. Pyruvate decreases the rate of breakdown of oxalacetate, presumably 
by inhibiting the oxalacetic decarboxylase. 

4. A mechanism is given based on competitive inhibition, and the firs 
order rate of decarboxjdation of oxalacetate. 

5. ATP prevents the inhibition of the succino.xidase by oxalacetah 
while the addition of calcium ions to an ATP-protected system n 
stores the inhibition. 
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XANTHINE OXIDASE AND TYROSINASE IN THE LIVERS OF 
CHICKS RECEIVING GRADED LEVELS OF DIETARY 
PTEROYLGLUTAMIC ACID* 

Bv CECILIA K. KEITH, WILSON J. BROACH, DORIS WARREN, PAUL L. 
DAY, AN-D JOHN R. TOTTER 

{From the Department of Biochemistry, School of Medicine, University of Arkansas, 
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(Received for publication, July 26, 1948) 


Evidence indicating a relationship between pteroylglutamic acid (PGA) 
and porphyrin metabolism has been presented previously from this labo- 
ratory (1). While this supposed relationship was being investigated, it was 
noted that in in vitro experiments conducted by the procedures of Schreus 
and Canid (2) liver homogenate from PGA-deficient rats rapidly converted 
hemoglobin to methemoglobin, and that this conversion was inhibited by 
PGA. Upon subsequent incubation the PGA-containing mixtures pro- 
duced consistently a somewhat smaller amount of porphyrin than did the 
controls not containing PGA. 

Rodney, Swendseid, and Swanson (3) have reported that liver homogen- 
ate from PGA-deficient rats fed sulfonamides does not oxidize tyrosine at 
a normal rate. They also reported that added PGA increased the rate of 
o.xidation imder the conditions of their experiments. In somewhat similar 
experiments, with liver from PGA-deficient chicles, we have been unable 
to show any enhancement of tyrosine oxidation; instead, when PGA was 
added, we found a slight but consistent inhibition of oxygen uptake as com- 
pared vath controls either in the presence or absence of tyrosine. 

The recent publication by Kalckar of experiments indicating an inhibitory 
effect on xanthine oxidase by PGA (4) or by one of its breakdown products 
(5) appeared to offer an explanation for both of our observations discussed 
above. It is well known that methemoglobin may be formed during the 
oxidation of substrates of xanthine oxidase if hemoglobin is present. Pre- 
sumably there would be enough of the precursors of endogenous uric acid 
present in the chick liver experiments to account for a small uptake of oxygen 
'vhich might be inhibited by PGA. However, it has been found in later 
Bxperiments* that xanthine oxidase may be only one of several fiavin-con- 


* Research paper No. 877, Journal Series, University of Arkansas. This investi- 
?ation was supported by a research grant from the Division of Researc ’ran s 
ind Fellowships of the National Institute of Health, United States Public Health 
Service, and a grant from the Williams-Waterman Fund of the Research Corporation. 
‘Totter, J. R., Martindale, W. E., and Keith, C. K., unpublished experiments. 
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taining enzjTnes which are inhibited by PGA or by its metabolic products. 
The later observation of Kalckar (5) that specially purified PGA exhibits 
but little inhibitory effect on xanthine oxidase makes it of importance to 
determine whether the in vivo action of the vitamin is related at all to this 
enzyme. 

The experiments described in this publication were designed to determine 
whether the liver xanthine oxidase of chicles is affected by dietary PGA. 
There are also presented here data on the oxygen uptake of liver homogen- 
ate from PGA-deficient chicks as affected by tyrosine and added PGA. 

EXPERIMENTAL 

IVhite Leghorn chicks were obtained from a commercial hatchery and 
were placed on the experimental diets at approximately 2 days of age. They 
w'ere housed in metal batteiy brooders and were given the experimental diets 
and water ad lihitum. The diet was similar to that recently recommended 
for use in chick assays for the vitamin M group (6) , It consisted of vitamin- 
free casein (Labco) 25 gm., gelatin 10 gm., corn-starch 52.4 gm., cellulose 
3 gm., hydrogenated vegetable oil 3 gm., cod liver oil 1.3 gm., salts 5 gm. 
(7), L-cystine 0.3 gm., MnS 04 - 4 H 20 0.1 gm., choline chloride 0.2 gm., thia- 
mine chloride 0.4 mg., riboflavin 0.8 mg., pyridoxine hydrochloride 0.6 
mg., 2-methyl-3-hydroxy-4-carboxy-5-hydroxjTnethylpyridine lactone® 0.05 
mg., calcium pantothenate 1.1 mg., nicotinic acid 2.0 mg., f-inositol 5.0 mg., 
p-aminobenzoic acid 15.0 mg., 2-methylnaphthoquinone 0.005 mg., a-to- 
copherol 24.0 mg., and biotin® 0.01 mg. 

All chicks were weighed weekly for 4 weelcs. In the first series, groups 
of chicks received sjmthetic PGA® incoiporated in the diet to the extent of 
0, 5, 10, and 200 y per 100 gm. of diet. Livers from these chicles were used 
for the tjTOsinase determinations. Except for hematocrit determinations, 
no extensive hematological obseiwations were made on the gi’oups in this 
first series. 

Xanthine oxidase was determined on the livers from a second series of 
chicks receiving 0, 5, 10, 20, 40, 80, 200, and 1000 y of PGA per 100 gm. of 
diet. This series was also controlled by including a group which received a 
commercial chick starter diet^ containing 1.75 y of PGA per gm. by Streplo- 
coccus faecalis assay. In this second series, hemoglobin, hematocrit, total 
blood cell, and differential counts were made on each chick at the end of 4 
weeks on the experiment. The chicks Avere then sacrificed and the organs 
removed for weighing. The livers were suspended in 5 volumes of phos- 
phate buffer of pH 7.4 and homogenized in a Waring blendor. x 

= Kindlj- supplied by Merck and Company, Inc., Rahway, New Jersey. 

Hvindly supplied by the Lederle Laboratories Division, American Cyanamid, 
Company, Pearl River, New York. 

- Purina Startena. 



KEITH, BROACH, AYARREN, DAY, AND TOTTER 


1097 


The oxygen uptake of 1.0 ml. of 1:S liver homogenate was measured at 
pH 7.5 in the absence of tyrosine and in the presence of 0.5 mg. of tyrosine, 
vith the Warburg instmment. The total volume was 3.0 ml. 

For the xanthine oxidase e.xperiments 5 ml. of the liver mince from each 
chick were diluted to 25 ml. with phosphate buffer of pH 7.4. 2 ml. of the 
resulting mixture and 3 ml. of buffer were incubated with 5 ml. of a solution 
containing 5 mg. of xanthine in 0.01 n sodium hydroxide. A control with 
buffer instead of the xanthine solution was also set up. 1 ml. aliquots of 
these solutions taken immediate!}' after mixing, and again after standing 1 
hour at 32°, were treated with 1 ml. of 10 per cent sodium tungstate, 1 ml. 
of ’3 N sulfuric acid, and 7 ml. of water, and filtered. Uric acid was deter- 
mined on 2 ml. aliquots of the filtrates by Brovm’s procedure ( 8 ). The 
xanthine oxidase activity was expressed as mg. of uric acid produced per 
hour per gm. of wet weight of liver. 


RESULTS AND DISCUSSION 

The average weights for the chicks in the second series are presented in 
Fig. 1 . Tlie hematological values were in close agreement with values ob- 
tained in an extensive series of experiments by Campbell and coworkers (9). 
The average weights and the hematocrit values obtained in our experiments, 
conducted at different seasons, were also in satisfactory agreement. More 
detailed obsen-ations on the blood and bone marrow of the chicks on these 

experiments will appear else^Yhere. ^ 

Attention should be called to the ratio of the liver "weight to o y ® 

presented in Fig. 2 . A large increase in the ratio occurs with dimmishmg 
intake of PGA. Similarly the deficient chicks had an obviously enlarged 
gallbladder as compared with positive controls. ITie gallbladder weights 

of eight negative control chicks averaged 0.77 gm., while t oseo eig o c s 

in the 40 7 of PGA group averaged 0.25 gm. The chicks on the commercia 
diet had a liver weight-body weight ratio of 0.0254, much lower than those 
recehdng PGA far in excess of minimum requirements. , , 

Atypical tyrosinase experiment is given in Fig. 3. 
there is a decrease in oxygen consumption of the livers ^ mm e ci 
in the presence of added PGA. This decrease is sma ’ ^ r 

peatedly observ'ed in determinations made on liveis 0 c ic vs re , , 

or 10 T of PGA. No consistent effect of the dietaiy intake of PGA on the 
tyrosinase content of the livers was obtained Mso, there 

effect on tyi-osinase found when PGA was added 0 Swendseid 

'•as shown ^n Fig. 3. These results differ from those 
ind Swanson (3) who made their observations on n e » , , 

-treated rats. The reasons for the differences in outcome b^ en the ^0 
experiments are not apparent. Since there is obviously a relation 
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tyrosine metabolism and tbe action of PGA and of theantipernicious anemia 
principle (10, 11), caution in interpreting the results is indicated. 

Results of the xanthine oxidase experiments are given in Fig. 4. An in- 
verse relationship between PGA intake and xanthine oxidase is clearly 
shown. UTien the large liver weight-body weight ratio is taken into con- 
sideration, it may be seen that the deficient chicks possess an e.xtremely 
high total oxidase activity. 


LOG CONCENTRATION ADDED PGA PER IDO GMS DIET 
05 10 15 20 25 



Fig. 1. The relation of the body weight of chicks to the pterojdglutamio acic 
content of the diet. The figures in parentheses are the number of chicks which sur- 
vived the e.xperimental period of 4 weeks. Initially the groups consisted of twenty, 
twelve, twelve, ten, ten, ten, nine, eight, and eight chicks for the 0, 5, 10, 20, 40, 80, 
200, and 1000 y, and commercial starter diet, respectively. The final average weight 
of the fourteen surviving negative control chicks was 114 gm., that for the eight 
receiving 1000 y of PGA 247 gm , while the eight chicks on the commercial 
diet weighed an average of 286 gm. per chick. 

Tests of the PGA used in our experimental diets indicate that it contains 
the impurity (5) which is responsible for the m vitro inhibition of xanthine 
oxidase. It may be argued that the impurity is responsible for the depres- 
sion of the enzjune activity in the chick e.xperiments. If so, the substance 
is of nutritional significance itself, and may occur in natural diets, since the 
xanthine oxidase actmty of the livers from chicks on the commercial starter 
diet (0.94 mg. of uric acid per gm. per hour) was much lower than the lowest 
values obtainable with the supplemented purified diet. It is possible that 
additional dietary' factors are present in the commercial diet which are neces- 
saiy to maintain the low level of liver xanthine oxidase exhibited by the 
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chicks on such a diet. This phase of the problem is being investigated 
further. 

The contribution which an excessively rapid rate of purine oxidation may 
make to the breakdown of hemoglobin or hemin-containing enzymes in vivo 
is unknown but may be of importance. The breakdown of hemoglobin is 
said to be brought about by hydrogen peroxide (12) and this compound is 
produced by the action of xanthine oxidase. 



Fig. 4. The influence of PGA intake on chick iiver .xanthine o.xidase. The abscissa 
gives the relative xanthine oxidase calculated as the mg. of uric acid produced from 
xanthine per gm. of wet weight of liver per hour. The number of determinations 
averaged for each point is the same as the number of chicks given in Fig. 1, The 
average xanthine oxidase for the fourteen negative control chicks was 3.55, while 
the eight on the commercial diet averaged 0.94. 

It appears likely that other flavin-containing enzymes which catalyze the 
production of hydrogen peroxide as an end-product may also be involved 
in PGA deficiency and in the syndrome of pernicious anemia. Daft (13) 
and others (14) have presented results which may be interpreted as sug- 
gestive that L-amino acid oxidase activity is depressed by PGA. The 
recent findings of Woodruff and Darby (11) are possibly also e.xplainable by 
such a hj^pothesis. An excessive rate of oxidative deamination of amino 
acids and the concurrent accelerated production of hydrogen pero.xide could ^ 
explain many of the biochemical changes in pernicious anemia and in PGA 
deficiency in the chick and in the monkeJ^ The high liver weights and en- 
larged gallbladder of the deficient chicks suggest that an abnormally high 
rate of destruction of blood elements, or at least of materials normally used 
in blood production, does occur in PGA deficiency. 
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An important function of PGA and of liver extract may therefore be the 
regulation of the activity of flavin-containing enzymes such as xanthine 
oxidase, L-amino acid oxidase, D-amino acid oxidase, diaphorase, cytochrome 
reductase, etc. Evidence indicating a depressing effect of PGA on glycine 
oxidase will be presented shortly. Differences in the action of PGA and 
of liver extract may result from qualitative and quantitative differences in 
the ability of each to control adequately all of the enzymes involved. 


SUMAIARY 

Weight data are presented on chicles receiving 0, 5, 10, 20, 40, 80, 200, or 
1000 7 of pteroylglutamic acid (PGA) per 100 gm. of purified diet for a 4 
week period. 

The ratios of the chick liver weights to bodj' weights were found to be 
inversely related to the PGA content of the purified diets. The gallbladders 
of the deficient chicks were greatly enlarged. 

The oxj'gen uptake of liver homogenate from chicks receiving 0, 5, and 
10 7 of pteroylglutamic acid per 100 gra. of diet was slightly depressed by 
addition of pteroylglutamic acid. No effect was observed on chick liver 
tyrosinase activity either bj'' dietarj' PGA or by PGA added in vitro. 

The chick liver xanthine oxidase was found to be inversely related to the 
PGA content of the purified diets. Excess of the vitamin did not reduce 
the average xanthine oxidase activity to a value as low as that exhibited by 
chiclvs on a commercial diet. 

The bearing which the findings have on the interpretations of the bio- 
chemical changes occurring in pernicious anemia are briefly discussed. 
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CALCIFICATION OF TEETH 
I. COMPOSITION IN RELATION TO BLOOD AND DIET* 
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(Received for publication, July 27, 1948) 

These investigations were undertaken to test the hypothesis, of the au- 
thors, that there is a relationship between the inorganic composition of teeth 
a 7 \d the fluid from which the tooth salts precipitate and that the compositim 
of this fluid in turn is related to the blood serum. If this hypothesis is valid, 
it should be possible to varj' the composition of teeth (dunng the penod 
of active lime salt deposition), since the composition of blood serum can be 
regulated by the diet (1-C). 

The mineral phase is regarded as essentially the same in teeth o^n 
(7, 8). The variations in the composition of bone are well known (9) and 
were shomi to be related to that of blood (5, 6). Hitherto no sue re a 
tionships have been shoum for teeth. In fact, some recent investigations 
indicate that the inorganic composition of enamel is constant (10). ide 
is, however, evidence that teeth are tissues in equilibrium with body fluids. 
Bamum and Armstrong (11) fed to cats and found that 
in both enamel and dentin after an interval. They en pos 
dentin phosphate may be in equilibrium with b oo P Creen- 

enamel phosphate may be in equilibrium with den “ P ^P ' 
berg (12) administered Ca'*’ to rachitic rats and oun 
of vitamin D the uptake of the isotope in the femurs was 
the molars but less than in the incisors. In the presence 
the uptake was greatest in the femur, less in t e > • jnfluence 

mote. Vitamin D had a mte 

on bone. Armstrong and Barnum turnover of 

measured the amounts found in the teeth. ey oun enamel 

thoteotoposin the incisor dentin was ” X 

about one-thii-d ot that in the femur. The molar den 
sixth that ot the femur and the molar enamel w». from 1.5 to 3 per 

TheXudies with isotopes indicate that ‘XXthus XStSdered 
may undergo changes almost as rapidly as .° hypothesis 

suitable for our experiments. It is worth pointing out that the nyp 

. . Presented 1. part be.ore the Utewn Biao|ic.l ““ ”” ' 

ing of the American Chemical Society , New , 
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proposed in the first paragraph applies to teeth only during the period when 
active calcification takes place. In human teeth active calcification is 
almost complete before eruption. 

The knowledge of the factom that influence the composition of teeth is of 
theoretical and practical importance, since further studies maj’" reveal some 
relation between caries and structural, mechanical, and other properties 
(such as resistance to acids and bacteria) and composition. 

In the experiments reported here, evidence is given that there is a rela- 
tionship between the FOi'.COa ratios of enamel, dentin, and blood serum, 
which in turn is regidated by the diet. 

EXPERIMENTAL 

The three diets used are shonm in Table I. The basal diet contained 
traces of calcium (0.029 per cent) and suboptimal amounts of phosphorus 
(0.118 per cent).^ To this basal diet 3.0 per cent CaCOs was added to pro- 
duce a high calcium-low phosphorus diet (Diet B); 3.0 per cent of anhy- 
, ' drous Xa 2 HP 04 was added to give a low calcium-high phosphorus diet 
(Diet C) ; and 0.4 per cent CaCOa was added to give the low calcium-low 
^ phosphorus diet (Diet D). The calcium and phosphorus contents of the 
diets were determined by rephcate analysis. Each diet contained the same 
amount of either calcium or phosphorus as one of the others. 

Young rats, 23 days old, were used. The animals were raised in our lab- 
oratory from a Wistar strain stock colony, fed on the standard stock diet of 
Bills et al. (14). Litters were chosen having at least eight animals per 
litter. Two animals of each litter were sacrificed on the 1st day of the e.x- 
periment to furnish data on the initial composition of the blood and teeth 
of the litter. These animals were termed the reference group. It was 
necessary, owing to the small size of the jmung animals, to pool the blood 
and teeth of both animals for analj''sis. The remaining six animals in each 
litter were divided into three pairs and each pair placed on one of the three 
experimental diets. In addition to these diets, one animal of each pair 
received daily 100 i.u. of vitamin D in 0.1 ml. of corn oil administered orally 
by means of a pipette. The six groups thus established were caged sep- 
arately, in a darkened room, to prevent mixing of the diets and to prevent 
the access of those animals not receiving vitamin D to this factor. 

Eleven litters of rats were used. The mean initial weights of the rats 
were almost identical (see Table II). A reasonable basis for comparing 
the results of the various groups was established because of the similarity 

J In these experiments a basal diet, low in phosphate, was desired to obtain greater 
freedom in changing the Ca;P ratio. This was accomplished by selecting deger- 
minated j'ellow corn-meal which is low in phosphorus (Hoger Cereal Company, 
New York). 
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of heredity, the distribution of litters among the various groups, and the- 
close agreement of the initial ^Ycights. 

The first group consisting of six litters, and referred to as the short term 
experiment, vas kept on the experimental diets for 30 days, at the end of 
vhich time the rats were sacrificed by cutting the jugular vein and the 
carotid arterJ^ The blood was collected under oil and centrifuged imme- 
diately upon clotting. The upper incisors were immediately removed, 
cleaned from adhering tissues, and prepared for analysis. The second 
group of animals, consisting of five litters (referred to as the long term ex- 
periment), was treated exactly the same as the animals on the short term- 


Table I 

C omposidon of Experimental Diets 


. Ditt 

Constituents 

Ca 

p 

Ca:P 



tarts 

per cent 

per cent 

mole ratio 

B. High calcium-low plios- 

B.asal diet 

97 




phorus 

Calcium carbonate 

3 

1.20 

0.121 

7.67 

C. Low calcium-high phos- 

Basal diet 

97 




phorus 

NajIIPO, 

3 

0.028 

0.759 

0.029 

D. Low calcium-low phos- 

Basal diet 

99.6 




phorus 

Caleium carbonate 

0.4 

0.189 

0.124 

1.18 

Basal 

Yellow eorn-meal 

75 

i 


1 


Wheat gluten 

19 





Brewers’ yeast 

5 





Sodium chloride 

1 

0.029 

1 

0.118 

0.191 


experiment except that they were kept on the experimental diets for 45 
days. 

Analytical Procedures 

The serum, under oil, was analyzed for CO2 on 0.1 ml. by the manometric 
method of Van Styke and Neill (15), for calcium in duplicate on 0.1 ml. 
portions by the method of Sobel and Sobel (16), and for inorganic phos- 
phate in duplicate on 0.1 ml. portions by the micro modification of the 
Fiske-Subbarow method (17, 18), vath the micro cups of the Klett-Sum- 
merson photoelectric colorimeter with a 660 mp filter. Standards were run 
for CO2, calcium, and inorganic phosphate for each set of sera. Standards 
for CO2 consisted of a sodium carbonate solution, 1 ml. of which is equiva- 
lent to 100 volumes per cent of CO2. The standard for calcium consisted 
of a calcium carbonate solution, 0.1 ml. of which is equivalent to 10.00 
7 of calcium. The standard for inorganic phosphate consisted of a so u- 
tion of KTr ^POi^ 5 ml. of which are equivalent to 40.0 7 of P. The pre- 
cision of the methods is shown in Table III. 
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The upper incisors were split into fragments and extracted for three over- 
night periods with two portions of acid- and aldehyde-free ethyl alcohol 
and one portion of ethyl ether. The fragments were then dried overnight 


Table II 


Growth data 



Dietary group 

Initial 

weight 

Final 

weight 

Gain 



gw. 

gm. 

gm. 

Experimental 

Reference group 

-fSO.l 



period, 30 

B 

4-31.1 

4-55.0 

4-23.9 

days 

C 

4-31.2 

4-44.5 

4-13.3 


D 

4-30.0 

4-64.9 

4-34.9 


B -p vitamin D 

4-30.6 

4-43.6 

4-13.0 


C + 

4-30.3 

4-48.5 

4-1S.2 


D + » » 

4-29.7 

4-73.5 

4-43.8 


B - C 

-0.1 

4-11.5 

4-lO.G 


“ - D 

4-1.1 

-9.9 

-11.0 


C - » 

4-1.2 

-20.4 

-21.6 


B -f- vitamin D — C -f- vitamin D 

4-0.3 

-4.9 

-5.2 


tt t< 1 

4-0.9 

-29.9 

-30.8 


C + “ “ -f. «< “ 

4-0.6 1 

-25.0 

-25.6 


B — (B -1- vitamin D) 

4-0.5 

1 4-11.4 

4-10.9 


C-(C-i- “ ») 

4-0.9 

-4.0 

-4.9 


D-(D-f “ ») 

4-0.3 

-8.6 

1 -8.9 

Experimental 

Reference group 

4-35.6 



period, 45 

B 

4-36.8 

4-51.9 

4-15.1 

days 

C 

4-36.6 

4-45.9 

4-9.3 


D 

4-35. S 

4-82.1 

4-46.3 


B -f vitamin D 

4-36.1 

4-43.4 



C -t- ” 

4-36.1 

4-64.5 

4-28.4 


D-f- 

4-36.8 

4-SS.4 

4-51.6 


B - C 

4-0.2 

4-6.0 

4-5.8 


“ - D 

4-1.0 

-30.2 

-31.2 


C - “ 

4-0.8 

-36.2 

-37.0 


B -1- vitamin D — C -p vitamin D 

0.0 

-21.1 

-21.1 


“ + “ “ _ D -p “ '< 

-0.7 

-45.0 

-44.3 


Q _ ** ^ 

-0.7 

-23.9 

-23.2 


B — (B -f vitamin D) 

4-0.7 

4-8.5 

4-7.8 


C-CC-b “ ”) 

4-0.5 

-18.6 

-19.1 


D - (D 4- “ ") 

-1.0 

-6.3 

-5.3 


at 105°, weighed, and the enamel and dentin separated by the method of 
Manly and Hodge (19), which was modified to the extent that the tube used 
for carbonate anali'^sis (20) was employed instead of the centrifuge tube 
recommended by Manly and Hodge. This was done to obviate the neces- 
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sity of Iransfon-ing small amounts of enamel and dentin obtained from the 
teeth, with the consequent mechanical loss of material. The separated 
enamel and dentin were dried overnight at 105°, after two acetone washings, 
and placed in a desiccator till cool and then \veighed. Tliese weights were 
used to calculate the percentages of the inorganic constituents of the 
enamel and dentin. 

Tlie enamel was analyzed for carbonate, calcium, phosphate, and total 
base as previously described (IS), except that the Coleman spectropho- 
tometer was used instead of the visual colorimeter for phosphate. For the 
carbonate analysis, the gasometric reagents were prepared in 25 per cent 
sodium chloride for added scnsitivit 3 ' (21). Standard solutions were run 
for calcium, phosphate, total base, and for carbonate solid mixtures. The 

Tablv III 


Precision of (he Determinations of Standard Sohtlions Employed As Controls for 
Enamclf Dentin, and Blood Scrum Analysis 
Mean values (approximately 50 determinations plus-minus average deviations). 


Ca* ] 

Cat 

COit 



1 Total base*! 




1 a*/, per cent \ 

7 

1 m.eq. 




\ 2.00 ± 0.02 

30.0 ± o.sjo.ioi ± 0.001 


* lO.OO 7 of Ca present in 0.1 ml. used for analysis, 
t 200 7 of Ca present in 1.0 ml. of solution used for analysis (bone method), 
i 100,0 volumes per cent of CO 2 present; 0.1 ml. used for analysis. 

§2.00 per cent as COj in a mixture of solid NaCl and NajCOa (bone method). 
((40.0 7 of phosphate P present (bone and blood methods). 

0.100 milliequivalent of Ca present in 1.00 ml. 

latter consisted of a dry sodium chloride-sodium carbonate mixture con- 
taining 2.00 per cent CO 3 , The precision of these determinations is given 
in Table III. 

Calculations (6, £0) 

, Carbonate 

Mg. COj in sample = Pcoj X factor for CO 3 

PCO. = Pi — P2 — c 

c = p, ~ Pi for blank analysis 

Calcium 

titer X normality of acid X 20 X tot^ volu me 
Mg. Ca in sample 

Phosphate 

IClett-Summerson colorimeter: 

Mg. P in aliquot = ^ 
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For the Coleman spectrophotometer (used for tooth analysis) a calibration curve 
was employed. 

T) r. • 1 - . total volume of solution 

i\lg. P in sample = mg. P in aliquot X 

volume of aliquot used 

Total Base 

Milliequivalents total base = ^ J o tal v o lu m e of _s 

volume of aliquot used 

mxi Ca = (mg. Ca in enamel or dentin)/40.0S 
" POj = (mg. inorganic P in enamel or dentin)/31.02 
" CO 3 = (mg. CO 3 in enamel or dentin)/60.01 

“ % Ca, POi, CO 3 , or total base = (mu Ca, PO 4 , CO 3 , or total base X 100)/mg. 

weight of dry, fat-free enamel or dentin 
CaiPOi ratio = mM Ca:mM P 04 
mM residual Ca = mji total Ca minus mw CO 3 

Milliequivalents residual = milliequivalents total base mmus mu CO, 

Residual Ca:P 04 = msi residual Carmw POi 

“ total base: 2POi = milliequivalents residual total base: 2 mM POi 
P 04 : 2 C 03 = mM P04:2 mM CO 3 

The P04:2C03 = n in. the usual way of representing the inorganic com- 
position of bone and teeth lCa3(P04)2]„[CaC03]i.o (7, 8) when the molar 
ratio of residual Ca:P04 is 1.50. This holds true also when the residual 
. Ca:P04 molar ratio is more than 1.50 if we take the CaCOs as unity. The 
formula in this case would be [Ca3(P04)2]n[CaC03]i.oICaA']„. When the 
residual Ca:P04 molar ratio is less than 1.50, we have the type of formula 
represented by [Ca3(P04)2]n[CaC03]i.o[CaHP04],Y and n is then overstated. 

The mean results of the enamel and dentin analysis were evaluated by 
the statistical methods of Fisher (22) as applied to small samples. P 
represents the probability that the difference between two means is due to 
chance. When P has a value less than 0.05, the difference between two 
means is statistically significant. 

Weight Changes 

The weight changes, including the initial and final weights are given in 
Table II. Both in the absence and in the presence of vitamin D, Diet D 
gave the best growth. This is in harmony with the fact that dietary cal- 
cium to phosphoms ratios between 1.0 and 2.0 are optimum for best 
grovdh (1-3). The absence of vitamin D gave better growth in Group C 
than in Group D, and in the presence of vitamin D, the reverse was the 
case. In previous experiments (5) better growth was obtained in Group B 
than in Group C, since the phosphate level was 0.32 per cent instead of the 
present 0.12 per cent. 
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The influoucc of vitamin D was greatest in Group C. In Group B, 
there was a reduction which again ma3^ be explained on the basis of the 
vclativcty high calcium-iow phos])lionis ratio. On such diets vitamin D 
diverts the available phosphorus from tlie soft tissues to the bone. In 
Group D, in which growth was greatest, the addition of vitamin D had no 
significant effect. In tlie absence of vitamin D the rickets produced in 
Group B were severe and in Group C mild. 


Tabi.k IV 

Com-pQ&ition of Scrum in Jielation (o Did [Mean Values) 



D/etary ;;roup 

1 i 

1 

COj 

jcaXP 

Ca;PO< 

PO.; 

COj 

Dietary 

Ca:P 

] 

1 

1 

Experiment J 

B 

|*er 

£tW( [ 

11.7 

ms Jtt ' 
[ «n( 1 

2.1 ' 

suU per 
CCtll 

60.6 : 

1 

23.1 

tfiohr 

ratio 

4.32 

ttfolar 

ratio 

0.023 

molar 

ratio 

) 7,67 

period, 30 days | 

C 

5 0 

7.5 ' 

53.7 ; 

41.8' 

O.SS 

0.101 

0,029 

i 

D ' 

a.4 ' 

4.7 ' 

58.0 i 

44.1' 

1.55 

0.057 

I.IS 


B -p vitamin D 

13.3 i 

3.4 

02. G i 

44.9 

3.03 

0.039 

7.67 


0-4- " “ ' 

s.s ! 

8.4 ; 

57.6 ■ 

74 . 2 ! 

0.81 

O.lOSj 0.029 

' 1 

D + “ “ : 

11.1 j 

a.o i 

56.0 1 

65. S| 

1.43 j 

0.0761 1.18 

1 

1 Reference 

11 2 1 

9.5 ' 

47,6 ' 

105. S‘ 

0.92 ’ 

1 0.148' 

1 

! 

Experimental 

!» 1 

12.3 1 

1.8 

54.1 

22.2 

5.30 

0.024 

1 7.67 

period, 45 d.ij-s 

C 

5.1 

4.9 

57.7 

25.0 

0.81 

0.062 

; 0.029 


D ! 

10.0 

2.6 

50.6 

26.0 

2.98 

0.037j 

1 1.18 


B -f vitamin D ' 

15.0 

3.4 

57,6 

si.oi 

3.42 

i 0.043 

I 7.07 


, C+ “ “ 1 

8.9 

1 5.2 

1 56,2 

1 40. 4| 

1 1.33 

1 0.067' 

, 0.029 


, D-h " “ 1 

11.2 

4.0 ^ 

55.6 

51.5 

1.89 

0.060 

1.18 


1 Reference | 

10.9 

7.7 

1 

53.9 

83.8 

1.10 

0.104 



Composition of Blood, Enamel, and Dentin 

Blood Serum and Diet — ^The results obtained from the analysis of the 
blood sera are presented in Table IV. There is a direct relationship in the 
order of magnitude of serum Ca:P04 and dietary Ca;P ratios. There is 
an inverse relationship in the order of magnitude of serum POi-COs and 
dietary Ca:P ratios. Vitamin D raised the Ca X P product in all cases, 
the pet cent rise being more in that member of the calcium-phosphorus 
pair which was low compared to the normal, but did not completely over- 
come the influence of the diet. For this reason the differences between the 
maxima and minima in the Ca ; PO4 and the PO4 : CO3 ratios are less, though 
still in the same order as in the absence of vitamin D. These relationships 
confirm, even more definitely, the results of previous investigators (1-6). 

Deposition of Inorganic Cemponents As Indicated by Percentages Present 
It is evident from Table V that the density of calcium, carbonate, and total 
base is decisively higher in the enamel than in the dentin in all cases. 
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The density of phosphorus is higher in all but two cases. This confirms 
previous work indicating higher density in enamel ( 19 , 23 - 26 ). Dietary 
calcium, phosphorus, and vitamin D were not decisive in influencing the 
density of either enamel or dentin, though in the long term experiment the 
carbonate was highest in Group B and lowest in Group C. 

Enamel, Dentin, and Blood Serum — ^The composition of enamel and den- 
tin in relation to blood senim and diet is given in Table VI and the statis- 
tical evaluation of the data in Table VII. One is impressed by the fact 
that the differences that existed in composition were magnified in the long 
term experiment. The PO4 : CO3 ratios in dentin and enamel arrange them- 

Table V 

Composilion of Enamel and Dentin (Mean Values) 


The results for total base are given in milliequivalents per cent X 100 j for Ca, 
POi, and CO3 in him per cent X 100. 



Dietary group 

Enamel 

Dentin 

Total 

base 

Ca 

POj 

COi 

Total 

base 

Ca 

PO4 

COi 

Experimental 

B 



50.6 

5.31 

124.3 

61.2 


5.05 

period, 30 days 

C 

199.5 

94.3 

55.6 

laKn 

111.3 

54.1 

39.3 

3.67 


D 


kibiEI 

56.0 

5.02 

118.7 

58.5 

45.1 

4.27 


B -1- vitamin D 

149.0 

71.5 

giiita 

6.57 

116.8 

57.3 

41.5 

4.56 


C+ “ “ 

166.3 


46.4 

4.37 

117.5 

58.2 

44.9 

3.83 


D -f “ “ 

wm 

87.3 

51.7 

5.64 

119.2 

■rtiMl] 

44.1 

4.12 


Reference 



47.8 

5.99 

125.3 

59.6 

45.2 

3.61 

Experimental 

B 

181.4 

90.1 

45.2 

6.17 

133.8 

64.2 

44.1 

4.15 

period, 45 days 

C 

196.2 

96.1 

51.5 

3.47 

124.6 


44.2 

2.48 


D 


93.5 

46.4 

g«tlili 


68.1 

50.4 

3.63 


B -f- vitamin D 

188.5 

93.2 

50.3 

6 . 35 ' 

130.8 

Itatll 


4.46 


C+ “ “ 


98.5 

55.1 

gmiil 


65.4 

48.1 

3.02 


D + 


94.7 

47.9 

4.32 


67.2 

47.2 

3.39 


Reference 

169.4 

84.5 

49.8 

7.78 

124.6 

59.9 

44.3 

3.62 


selves in the same order as the serum P04;C03 ratios for the three groups 
not receiving vitamin A. The same holds true for the three groups re- 
ceiving vitamin D. Wlien all six groups of the short term experiment are 
arranged in the order of magnitude of serum P04tC03 ratios, the P04:C03 
ratios in both dentin and enamel follow the same order. In the long term 
experiment the dentin and enamel P04:C03 and serum P04:C03 ratios 
do not show the same pattern as in the short term experiment when all 
six groups are arranged in order of magnitude. This may be indirect 
evidence that vitamin D has an influence. Statistically, the most signifi- 
cant differences are between the two extreme groups; namely. Group B 
(high calcium-low phosphorus) and Group C (low calcium-high phosphorus). 
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The TOi'.COi ratios of the enamel in all cases are lower than of the cor- 
responding dentin. The difference was most marked in the high calcium- 
low phosphorus group (Diet B) and least in the low calcium-high phos- 
phorus group (Diet C). In fact the differences in the absence of vitamin D 
for this group were not statistically significant, though all other differences 
were statisticallj^ significant for corresponding enamels and dentins. In 
this connection one can point out that the differences in composition be- 
tween enamel and dentin of humans and dogs (2G) and rats (27) may be 
due to the particular diet given rather than to species differentiation. 

Table VI 

Composition of Enamel and Dentin in Relation to Blood Serum and Diet [Mean Values') 


The results represent molar ratios. 



Dietary group 

1 

t 

Dietary 

Ca.POr 

Serum 

Enamel 

Bentm 

1 

o 1 

(b. 

o 

o , 

U 1 

2 ! 

6 

ej 

u 

o 

CJ 

CM 

(5 

d 

ei 

u 

<5 

u 

CM 

d 

Esperimenlal 

B 

7.67 

4.32 

2.51 

1.92 

2. os 

1.41 

4.40 

period, 30 days 

C 

0.029 

0.68 

10.10 

1.68 

4.60 

1.38 

5.43 

1 

D 

1.18 

1.55 ! 

5.86' 

1.95 

2.65 

1.31 

5.15 

1 

1 

B -b vitamin D 

7.67 ! 

3.03 

3.94 

1.75 

2.43 

1.38 

4.60 

1 

C+ “ “ 

0.029 

0.81 j 

10.80 

1.74 ! 

3.68 

1.29 

5,98 


D-f- “ “ 

1.18 

1.43 

7.75 

1.70 

3.00 

1.36 

5.41 

’ 

Reference 


0.92 

14.80 

2.20 

3.25 

1 1.31 

6.56 

Experimental 

B 

7.67 * 

5.30 

2.411 

1.99 

3.71 

1.51 

5.47 

period, 45 days | 

C 

0.029 

0.81 

6.15] 

1.85 

7.72 

1.41 

9.31 

1 

D 

1.18 

2.98 

3.72 

2.01 

5.92 

1.36 

6.87 


B -f vitamin D 

7.67 

3.42 

‘ 4.27 

‘ 1.86 

3.62 

1.39 

5.55 


C + “ 

0.029 

1.33 

6.70 

1.77 

6.94 

1.36 

7.97 


D -b “ 

1.18 

1.89 

5.99 

1.98 

5.67 

1.41 

7.27 

! 

Reference 


1 1.10 

10.40 

1.68 

3.34 

1.39 

4. 88 


* X 100. 


Not until we understand the influence of diet in a given species can we dis- 
cuss the differences between enamel and dentin as characteristic of 
different species. 

Though Ca'.PO^ ratios of serum undergo wide variations, in the enarne 
and dentin the ratios undergo no corresponding variations. Statistically 
..^there were significant differences in the two extreme groups; namely, t e 
Vgh calcium-low phosphorus and the low calcium-high phosphorus group 
/(Diets B and 0). In the short term experiment these differences were so 
only in the enamel, while in the long term experiment they were true for 
both enamel and dentin. In our earlier studies on bone (6), significant 
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differences were obtained only between the two extreme diets (Diets A 
and B) in the absence of vitamin D. 

The Ca;P04 ratio in the enamel is significantly higher, in all cases, than 
the ratio for the corresponding dentin. This would imply that if we as- 
sume the apatite formula, [Ca3(P04)2]n[CaA'], X, in addition to carbonate, 
must have some other radical in the enamel, possibly citrate, which was 
reported ( 28 ), or fluoride, and in the dentin it must be some phosphate, 
probably HP04“ ( 6 , 29 ). 

The ratios of residual total base to 2PO4 and residual Ca;P04 are given 


Table VII 

Statistical Evaluation of Ratios Presented in Table VI (P Values) 
All P values are less than the numbers shown. 



Experimental period, 30 days 


1 

B vs. C 

2 

“ “ D 

3 

C “ “ 

4 

B -1- vitamin D rs. C -f vita- 
min D 

5 

B -f vitamin D rs. D + vita- 
min D 

6 

C -1- vitamin D rs. D -h vita- 
min D 

7 

B fs. B -4- vitamin D 

s 

C “ C -f 

9 

D “ D -f “ “ 

10 

Reference vs. B 

11 

“ “ c 

12 

“ “ D 

13 

“ “ B 4- vitamin D 

14 

“ << Q .4- " “ 

15 

“ “ D -f 

16 

B 

17 

C 

18 

D 

19 

B -h vitamin D 

20 

C + 

21 

D + “ 

22 

Reference 


0.01 

0.02 

0.02 

0.01 

0.9 

0.05 

0.01 

0.2 

0.05 

0.01 

0.6 

0.1 

0.01 

0.7 

0.5 

0.1 

0.9 

0.5 

0.05 

0.2 

0.2 

0.6 

0.7 

0.5 

0.1 

0.1 

0.7 

0.01 

0.5 

0.2 

0.01 

0.2 

0.3 

0.01 

0.6 

0.4 

0.01 

0.2 

0.3 

0.01 

0.3 

0.7 

0.01 

0.2 

0.9 


0.02 0.01 


0.2 0.5 
0.05 0.2 
0.3 0.6 
0.02 0.01 
0.1 0.2 
1.00 0.1 
0.05 0.01 
0.7 0.5 


0.01 

0.01 

0.01 

0.3 

0.01 

0.0! 

0.01 

0.01 

O.OI 

0.01 

0.01 

0.01 

0.02 

0.01 
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Table VII — Concluded 



Scrum 

Enamel 

Dentin 

Line 

Ko. 

DicUry group - 

g y 

« o 

U Ph 



6 

s 

rt o 

6 

g - 

rt O 

U pH 


Enamel «. 
dentin 


Experimental period, 45 days 


B vs. C 
“ “ D 

C “ “ 

B + Antamin D rs. C + vita- 
min D 

B + vitamin D t’S. D vita- 
min D 

C -1- vitamin D t's. D -1- vita- 
min D 

B rs. B -1- vitamin D 

C .< c -i- “ 

D « D -f “ 

Reference vs. B 

« “ C 

« « X) 

“ “ B -1- vitamin D 

<< n Q ^ “ “ 

II “ D •+■ “ “ 


B -f- vitamin D 
C -i- “ “ 

D -f 

Reference 


O.Oll 0.01 0.01 0.01 0.02| 0.0l| 

0.05 0.01 0.9 O.Ol] 0.05 0.02 

0.01 0.01 0.05 0.05 0.8 0.02 

0.05 0.01 0.9 0.01 0.6 0.01 

0.1 0.3 0.2 0.01 0.8 0.1 

0.01 0.6 0.01 0.05 0.4 0.3 

0.2 0.2 0.2 0.8 0.1 0.9 

0.01 1.00 0.8 0.4 0.7 0.2 

0.1 0.1 0.7 0.6 0.5 0.1 

0.01 0.01 0.02 0.2 0.02 0.3 

0.01 0.01 0.2 0.01 0.4 0.01 

0.01 0.01 0.01 0.01 0.6 0.01 

0.01 0.01 0.1 0.3 1 0 0.01 

0.01 0.01 0.3 0.01 0.2 0.01 

n 01 0.01 0.01 0.01 0.8 0.01 


0.01 0.01 
0.01 0.2 
0.01 0.05 
0.01 0.05 
0.01 0.02 
0.01 0.05 
0.01 0.01 


in Table VIII. It is evident that the ratios are still s^bove 1 

and below 1.50 for dentin. Thus the differences cannot be accounted 

on the basis of the high carbonate °°^\^“^ence between total base 
Another point worth mentioning is that tne ame 

and calcium is not as great as that in bone (, • Table VI, need 

Some differences in the fXe^ Jnamel and of the dentin is 

to be pointed out. The Ca:P04 ratio second. The rats in 

^much higher in the first reference ^ and differences 

7ie two reference groups were raised a ^^^ 4 ) 

.11 them may be accounted for by the alfalfa, cottonseed 

^is made up of dried milk, crude casein, yellow corn, altait^, 
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meal, brewers’ yeast, and salt. Each one of the components, except the 
salt, can undergo wide variations in composition from batch to batch and 
thus may cause changes in the fluids that feed the embryo (of which prac- 
tically nothing is known at the present time) and in the composition of the 
mother’s milk, which is knoivn to undergo change (30). 


Table VIII 

Comparison of Residual Total Base to POi and Residual Ca to POt 
of Enamel and Dentin {Mean Values) 



Enamel 

Dentin 

Dietary group 

i 

i 

s . 

:sn 

BH 

Residual 

Ca 

6 ! 
ei, 

n 

d 

fi 

0 

d 

|g 

1 

"a 

1 

Residual 

Ca 

0 

Cm I 

P 

d 

« 

0 

Residual 

T.B.:2POi 

rtC 

•3*7 

B 


Experimental period, 30 days 



m.eq. 

per 

mi/ per 

molar 

molar 

molar molar 

m.tq. 

per 

WiT 

per 

molar molar molar 

moU 

B 

y,m 

95.7 

xioo 

91.3 

rafta 

1.97 

raiio 

1.92 

ratio 

1.89 

raixo 

1.80 

cent 

XiOO 

57.1 

cent 

y.m 

56.1 

raiio 

1.43 

ratio 

1.41 

ralio 

1.31 

rode 

1.2' 

C 

94.6 

89.1 

1.79 

1.68 

1.70 

1.60 

52.0 

50.5 

1.42 

1.38 

1.32 

1.2 

D 

107.1 

103.9 

2.00 

1.95 

1.92 

1.86 

55.1 

54.2 

1.32 

1.31 

1.22 

1.2 

B + vitamin D 

07. 9 

64.9 

1.82 

1.75 

1.66 

1.59 

53.8 

52.7 

1.41 

1.38 

1.30 

1.2 

C 4- “ “ 

78.7 

75.9 

1.79 

1.74 

1.70 

1.63 

55.0 

54.4 

1.31 

1.29 

1.23 

1.2 

D -f “ 

87.4 

81.7 

1.82 

1.70 

1.69 

1.58 

55.5 

54.9 

1.35 

1.34 

1.26 

1.2 

Reference 

103.5 

96.2 

2.29 

2.20 

2.17 

2.01 

59.1 

56.0 

1.39 

1.31 

1.31 

1.2 


Experimental period, 45 days 



84.5 

83.9 

2.00 

1.99 

1.87 

1.86 

62.7 

60.0 

1.52 

1.51 

1.42 

l.Sl 


94.6 

92.6 

1.90 

1.85 

1.84 

1.80 

59.8 

59.0 

1.41 

1.41 

1.35 

1.3; 

D 

90.0 

89.5 

2.03 

2.01 

1.94 

1.93 

67.9 

64.5 

1.42 

1.36 

1.35 

1.21 

B 4- vitamin D 

87.9 

86.6 

1.87 

1.86 

1.74 

1.72 

60.9 

58.9 

1.40 

1.39 

1.31 

1.2( 

0 4- “ “ 

95.2 

94.5 

1.80 

1.77 

1.73 

1.71 

63.2 

62.4 

1.38 

1.36 

1.31 

1.3( 

D4- “ 

91.5 

90.4 

2.00 

1.98 

1.91 

1.89 

64.3 

63.8 

1.44 

1.41 

1.36 

1.35 

Reference 

76.9 

76.7 

1.70 

1.68 

1.54 

1.54 

58.7 

56.6 

1.40 

1.39 

1.33 

1.28 


T.B. = total base. 


DISCUSSION 

It is evident from these experiments that there is a relationship between 
the P 04 ;C 03 ratio of blood serum and that of enamel and dentin; this is 
illustrated in Table IX. For enamel and dentin the PO 4 : CO 3 ratio in those 
groups without vitamin D follow^s that for serum. The same holds true 
for those groups given vitamin D. These three groups are arranged in a 
descending order of dietarj’’ Ca:P ratios. Thus the relationship of diet, 
blood, and teeth is evident. This relationship, in the 30 day experiment, 
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between blood and teeth is coniplelc. In the 45 dciy experiment, however, 
we must segregate the vitamin D-fcd groups from the non-vitamin D 
groups. Vitamin D may manifest an influence that is evident only in the 
older animals. Tlic effect of vitamin D is not as great on the tooth PO 4 : 
CO3 ratios as one might expect from the changes in the serum P04;C03 
ratios. In this connection it is worth mentioning that the density of neither 
enamel nor dentin was influenced by vitamin D. The rate of turnover of 
isotopic calcium and phosphonis in the teeth is not markedly influenced 
by ^•itamin D (12, 13). This points to an important difference between 
tooth and bone; namely, that in bone vitamin D exerts a marked influence 
on the P 04 ;C 03 ratio, density of calcification, and rate of turnover of cal- 
cium and phosphonis (5, G, 12, 13). However, it was possible to demon- 


T.^ble IX 


Relation of Enamel, Dentin POA'.SCOi, and Blood Serum POaiCO, (.Mean Values) 



Reference 

B 

! D 

c 

B 

D 

c 

+ 

Vitamin D 

— 



1 + 

■f 

Experimental period, 30 days 

Serum X 1000 

14S 

1 

25.1 

58.G 

101 

39.4 

77.5 

108 

Enamel X 100 

325 

20s 

265 

460 

243 

300 

368 

Dentin X 100 

G5G 1 

440 ' 

1 

515 

543 

460 

541 

598 

Experimental period, 45 days 

erum X 1000 

104 

24.1 

37.2 

61.5 

42.7 

59.9 

67.0 

inamel X 100 

334 

371 

592 

772 

362 

5b7 

694 

lentin X 100 

4SS 

547 

687 

931 

555 

727 

797 


trate histological changes in teeth due to lack of vitamin D on a high 
alcium-low phosphorus diet analogous to that found in one ( ^ 

P 04 ;C 03 ratios in enamel are in all cases lower than m dentin, ih 
lifference was most marked in the high calcium-low p losp 
[Diet B) and least in the low calcium-high phosphorus 
Logan reported (26) that human enamel has a lower carbona e 
han human dentin, whereas the carbonate contents 0 ^ ^ 

lentin were nearly equal. Bremer (38) found more car 
ientin than in dog enamel. He also found ditfeOTces « “ 

mamel and dentin of a single human tooth. Aims rong ^ human 

reported higher PO,:CO, ratios in the enamel than m the 
Veth. In view of the above findings with rats one can 
■he differences in composition between enemel on m tn may 
:i« J dim rather than to species differentiation. That mote than one type 
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Bail' rio/ m'" Th« f ° ‘I® *"'> 

gale heapauie a ,‘''1” *”«" « 

Xotltif™ underbid 

the difeencea bat™ a^^el and deatto IZt 

Tba vanatioas ia PO,:2CO, ratias ia the differeal groups, which i. 

‘hP/'Ptd'te formula, [Ca.(POJ,l.[CaCOcl, in these (eelb, 

f o*" 9^?!' - '““unfored in bone. In enamel this i 

from ^.OS fo / ./2 and m the dentin from 4.40 to 9.31. In bone the mdesf 
5pr^d hitherto found has been 1.86 to 3.33 (6, 9, 40). The question arises 
£1= to iThether wth longer e.vperimental periods (over 45 days) the spread 
of 71 ivould not be even greater. 

The Ca :PO^ ratios- of the enamel are distinctly higher than those of the 
corresponding dentin in all dietao^ groups (see Tables IT to VTII). Such 
differences were not found in the reported anal3’’ses of human teeth, most of 
whicii are given in Armstrong’s review (41), nor in dog teeth (26). The 
ratios of residual total base to 2POd (Table VIII) are all higher than 1.50 
for enamel and less than 1.50 for dentin. Our .v-raj^ diffraction studies’ 
indicate that apatite is the main lattice in both the enamel and dentin of 
such teeth. Tliis would impl}' that in enamel for the apatite formula; 
(Ca5(P04):]r.(CaX], X must have some other radical in addition to car- 
bonate, which may be hydro.xwl or possibly citrate (28) or fluoride. Poi 
dentin, X is some phosphate, probabl5' HP04'' (6, 29). We hope that .v- 
rax' diffraction studies, which are in progress, may throw further light on 
this subject. 

IVliile CarPOi ratios in serum undergo wide variation, no such wide vari- 
ations are found for Ca.'POi or residual Ca.'POi in enamel and dentin. 
On the whole, the ratios in Group B were higher than those in Group C. 

In this connection one maj' note that the variations in Ca:P04 ratios in 
bone are relatively slight and were significant only between Groups B and 
C in the absence of ntamin D (6). It may be concluded that the PO4;C0, 
ratios in bone and teeth are characterized by large variations, whereas w 
Ca:P04 ratios are characterized bj' slight variations. 

U. empb„feed tb.. Cl 


: It must - . . , , 

periodically analyzed with approamately the same 


raririJ iWfor [Ca4(P04)=UCaC04]. Thus the chauees in 

I.. unpuhHshed 


-wellin'!! ra'PO' ratio which was between l.ol ana i.o-. r„.pn, 

residual ua.ru, rai , i -ri^.c tin. fhanBCS in Ca-l ui 


expen- 


ICCDIS. 
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In Table X, data from Experiments 112 and 117 of Logan and Taylor 
vere recalculated (42). It may be noted that for a 33 per cent increase in 
lie POi'.COs ratio of the iniCial liquid composition the ratio of the solid 
ncreased 41 per cent. For a 33 per cent increase in the Ca:P 04 ratio 
Df the initial liquid, the ratio in tlic solid increased 3 per cent, and the 
residual CaiPOi ratio undenvent no change at all. These studies are 
fragmentarj' and by no means conclusive; nevertheless they may be taken 
as clues e.\’plaining the relative constancj’^ of Ca;P 04 ratios in teeth and 
bone and the avide variations in the P 04 :C 03 ratios. A systematic in- 
vestigation of the inorganic precipitates formed in the presence of various 
amounts of Ca, PO4, and CO3 ions is needed to understand fully the rela- 
tionships found between the composition of teeth and bone and blood 
serum. 


T.4BI.E X 

POtlSCOt and Ca:POi Ratios of Liquid and Solid (Calculated from Data of Logan and 

Taylor (42)) 



POi 2COi 

Ca-POl 

Eipetiment No., Logan and Taj lot (42) 

112 

117 

112 

117 

Liquid initiallj’ 

“ at end of 20 days 

Ppt. at end of 20 days 

molar ratio 

2.39 

1.00 

4 71 

molar ratio 

1.79 

0.17 

3.35 

1 

molar ratio ^ 
1.00 
0.0035 
1.54 
1.44* 

molar ratio 

1.33 

0 0094 
1.59 
j 1.44* 


‘Residual Ca:P04 ratio. 


The relationships established in these studies were found in the continu- 
ously growing incisors of rats. The question naturally arises as to whether 
molars and incisors of species which do not have continuous growth would 
behave in a similar fashion. The full answer cannot be given at present 
ow’ing to lack of suflBcient evidence. Experiments with isotopes indicate 
a turnover in even fully erupted molars (11-13). It is our contention that 
during the period of most active calcification of molars (or of incisor’s that 
do not grow continuously) the same lawu must essentially hold true. 
permanent teeth become more completely calcified, equilibrium rvith t e 
body fluids slow's up to such an extent that only minor changes carr ° ‘ 
served. It is our hope that by controlling the diet of a species that has 
-secondary dentition during the period of active calcification of the secon 
‘ ry teeth w’e will be able to put the above contention to axperimental test. 

An exact quantitative relationship between the composition 0 00 an 

teeth cannot be expressed at present, since this would invo ve a ' ow e ge 
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showed that a higher degree of reproducibility could be obtained with the 
latter procedure, provided the flasks were not shaken during the growth 
period. 

Growth Responses to Cyiidine and Uridine — ^The growth responses to 
cytidine and to uridine were determined by adding varying amounts of each 
in a 1 ml. volume to 26 ml. of basal medium in 125 ml. Erlenmeyer flasks. 
The flasks were autoclaved, inoculated as previously described (6), and 



cytidine: or uridine (HC-PCR 2S ml ba$al medium } 

Fig. 1. Growth curve of mutant strain 1298 on uridine (□) and cytidine (■) 

placed in an incubator at 25° ± 0.2° for 72 hours. The contents were poured 
into a Petri dish, and the mycelium pad picked up with forceps, squeezed be- 
tw’een the fingers, rinsed twice with a small stream of distilled water, and al- 
lowed to drj’^ between the folds of a paper towel for 3 to 4 hours at 60- 
80°. Tile dry weights of mycelium obtained in this way for different 
amounts of cytidine and uridine are shorni graphically in Fig. 1. 

The growth responses to the two compounds are the same within experi- 
mental error when the points on the curves are determined in triplicate. - 
Under conditions up to about half maximum growth a relatively high degree 
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of prcci.sioii is ohi.'iiiied. 'I'lio shindanl dovialions in (ivc rcplic.ate deter- 
minations each at avc'rajje niyfolinm wciiihts of S0.7 and ]5.5 mg. were 0.6 
and O.-f mg., respectively, eorri'spomling |o valne.s foi' cytidine of 0.58 =t 
0.02 mg. and 0.21 rfc 0.0 1 mg. It i-^ evident from Fig. 1 that the greatest 
relative growl !i response was found when amounts of supplement giving 
fc.ss tiian one-half maximnm growl li were nsetl. As in other Ncurospora 
as.says the growth curve is approximately linear np to a dry weight of 
about 20 mg. d'he reltition between weight of m 3 'echum and cjdidine or 
uridine over this range is given with an aecnraej' of from 5 to 10 per cent 
hv tile equation, e.vt idine or ttridinc in mg. — 0.0165 X weight of mycelium 
in mg. 

The volume of solution eotittiining the growth supplement be in- 
crea.sed up to about 5 ml. per 25 ml. of basal medium without significantly 
affecting the jimount of growth. Further ililulion. however, probably 
caii.sc.s slightlj’ lc.ss growth. Of grcitter importance i'- the age of the culture 
ti.scd for inoeiilation. C’urve.s similar to that shown were obtained provided 
the culture wa.s less thtiti tihoitt 5 weeks old. 'I’ho^e older than 5 w^eeks 
gave .slightl.v le.«s growth tit the dilTercnf concent latiuns of supplement. 

A procedure siniilttr to that used for oljtainiiig the standard curve is 
emploj’ed for the assaj" of an unknown snlntion. Since growth of the mold 
is inhibited I)}' .soliition.s that arc too acid or too alk.aline, it is necessary to 
adjust the pH of the basal medium containing the unlcnoun solution before 
autoclaving. A convenient method for doing this is to use bromocresol 
green as an inside indicator and to adju.st the [)H to 4.5 with acid or alkali 
as needed (7). Sodium chloride or sodium .sullate in amounts up to about 
100 mg. per 25 ml. of basal medium are not inhibitory. The mold, how’- 
ever, is highlj'' sensitive to traces of phospholnng.stic acid used foi the 
fractionation of the purine and jjjn-imidine components or to trace.? of lieavj'^ 
metals like lead or silver. It is also inhibited by traces of detergents, and 
glassware washed bj’’ a detergent solution should be acid-rinsed befoie 
using. It is usuallj’^ possible to tell w'hether or not a partial inhibition 
is present from the t.ype of mold grow'tb obtained. While a single, small 
mycelium mat is present at lower concentrations of grow'th supplement in 
the ab.sence of inhibition, manj' small foci of growth are sometimes foun 
if an inhibitory substance is present. In other cases paitial iribibitton 
is indicated by the slimy nature of the mycelium pad. Wren inhibition is 
suspected, it is advisable to cany out additional assap with sma er am 
larger amounts of the unknowm solution. If an inhibitory su stance is 
present, the larger volume of the unknown solution usually resu ts in a 
relativelj^ greater degree of inhibition, while the oppoaite is tine i ess o 
the unknown is used. It is desirable, therefore, to show that the same value 
for cytidine or uridine is obtained at different levels of giow 1 1 . 
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Cylidinc Phosphohmgslaic — As cytidine and uridine occur together in 
rilwnucleic acid, the use of mutant 1298 for the assay of either compo\ind 
dejjends on the success with which thej'- can be separated from each other. 
As cytidine possesses a basic amino group, a number of acids which form 
relativel}^ insoluble salts with organic bases were investigated to determine 
their usefulness as possible precipitating agents. Of the five acids studied, 
picric, picrolonic, nitranilic, flavianic, and phospho-12-tungstic (8), the 
last gave the most insoluble salt. When sufficient phosphotungstic acid 
was added to a warm C 3 '^tidine solution in 1 n h3’^drochloric acid to give a 2 
to 3 mg. per ml. excess, beautifully crystalline prismatic needles of cytidine 
phosphotungstate separated as shown in Fig. 2. A sample recrystallized 
once from 1 n hydrochloric acid and air-dried gave the following analyses:’ 
H2O 8.92, H3P04-12AV03 78.7, C 5.41, H 1.64 per cent. These compare 




Fig. 2. Cytidine pliospliotungstatc (magnification about 100 XI 

favorabW with theoretical values of H2O 8.78, H3P04- I2WO3 78.2, C 5.85, 
and H 1.72 per cent for (C9Hi205N3)2-H3P04- 12W03- I8H2O. Under sim- 
ilar conditions uridine gave no precipitate with phosphotungstic acid. 

Sohihility of Cytidine Phospholungsiale — ^The solubility of c3Tidine 
phosphotungstate in 1 n hydrochloric acid at 0° was determined from the 
supersaturated side b3" precipitating cytidine in the presence of a 2 to 3 mg. 
per ml. excess of phosphotungstic acid. The filtrate was treated with 
excess ammonium chloride in 1 n hydrochloric acid to remove the excess 
phosphotungstic acid,* and the filtrate was assa3md for cytidine with mutant 

' C and H analyses by Laboratory of Microchcmistry, .366 Fifth Avenue, Kew 
York. 

- The solubility of ammonium phosphotungstate in 1 x h 3 'drochloric acid is less 
than 0,002 mg. of nitrogen per ml. as shown bj' the fact that such a concentration of 
ammonium sulfate nitrogen gives a precipitate with phosphotungstic acid under these 
conditions. 
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129S. An average value of O.OS mg. of cytidine per ml. of the original 
cylidine phospholungstalc filtrate was found, indicating a nearly quantita- 
tive precipitation of cytidine under these conditions. 

Fraclionalion of Cytidine and Uridine— The following experiment illus- 
trates the degree of success with which C3'tidine was separated from an 
equal amount of uridine. To 20 ml. of warm 1 n hydrochloric acid con- 
taining 10 mg. each of c.vtidinc and uridine, 80 mg. of phosphotungstic acid 
dissolved in 5 ml. of 1 n acid were added. A ciystalline precipitate of 
cjdidine phosphotungstate separated. The suspension was allowed to 
stand in ice in the cold room overnight and was filtered in the cold by 
gravity. To 20 ml. of this filtrate 75 mg. of ammonium chloride dissolved 
in 0.5 ml. of 1 n acid were added. Mtcr standing overnight in the cold 
room, the suspension containing ammonium phosphotungstate was filtered 
and 1 ml. aliquots of the filtrate were assaj'ed for activity with the mold. 
An average drj' weight of mj'cclium corresponding to 0.51 mg. of uridine 
was found as compared to the calculated value of 0.47 mg. if the value 
for the solubility of cytidine phosphotungstate given above, is used and it 
is assumed that no uridine was precipitated. Other experiments gave similar 
results indicating that the two compounds could be fractionated by this 
procedure from relatively dilute solutions with a high degree of success. 

Hydrolysis and Assay of Rihonvdcic Aeid — The original procedure 
'/ attempted for the hydrol.vsis of ribonucleic acid to ribonucleosides was 
j that given by Jones (p. 112 (9)) for the preparation of ribonucleosides. 
Assay of a h3fdrolj'satc obtained by this method from a sample of purified 
ammonium nucleate (4) gave a value of 15.2 per cent total pyrimidine 
nucleosides as compared to that of 34 per cent expected for a statistical 
tetranucleotide composed of equimolar quantities of adenylic, guanylic, 
C3didy]ic, and uridylic acids and containing 10 per cent water, the approxi- 
mate amount found in most samples of yeast nucleic acid. The surprisingly 
low value suggested an incomplete hydrolysis and further experiments n ere 
carried out to determine the maximum yield of pyrimidine nucleosides 
which could be obtained after heating for various lengths of time up to 8 
hours. Anal 3 'ses for inorganic and total phosphate were made as well aftei 
the 4 and 8 hour periods. 

Two concentrations of ammonium nucleate in 2.5 per cent ammonia, 
namely 20 per cent, the concentration used by Jones, and 2.25 per cent, 
were employed in the lydrolysis experiments. In the first case 100 mg. 
samples in 0.5 ml. and in the second 22.5 mg. samples in 1 ml. in s^II 
sealed Pyrex tubes were heated in an oil bath at 140-150°. In the first 
j experiment tubes were taken from the bath at the end of 1, 2, 3, 
hours and in the second at the end of 4 and S hours, and their conten 
removed, diluted with distilled water, and assa 3 md fo activity 
average values expressed as per cent total pyriraidi eosi e 



1128 


ASSAY OF CYTIDINE AJsfD TJHIDINE 


molar ratios of pyrimidine nucleoside to total phosphate are shorn in 
Table I in comparison with the ratio expected from a statistical tetranucleo- 
tide. It may be seen that values corresponding to about 20 per cent 
pyrimidine nucleosides and a ratio of 0.36 moles of pyrimidine nucleoside 
per mole of phosphorus were obtained with the more concentrated as well 
as the less concentrated nucleic acid hydrolysates after 3, 4, and 8 hours, 
In comparison with the value calculated from the tetranucleotide theory, 
the largest value found corresponds to about 78 per cent of that expected. 
The difference between the 4 and the 8 hour values in the less concentrated 
sample, 0.39 as compared to 0.36, is not highly significant in terms of the 
precision of the assay procedure, but the results indicate, in agreement with 

Table I 

Total Pyrimidine N^ideosides and Inorganic Phosphate Found after Heating Yeast 
Ribonucleic Acid in 2.5 Per Cent Ammonia at for Varying Lengths 

of Time 


Szpentaeat K<t. 

Leniith of time 
heated 

Total pyrim- 
idiae 

nucleosides 

Inorganic 

phosphate 

pyrimidine nucleoside fouo' 
Total phosphate 


hrs. 

per cent 

ter eetti 

mole per mole P 

1 

! 1 

2.4 


0.043 


2 

15.1 


0.27 


3 

20.0 


0.36 


4 

21.6 


0.38 

2 

4 

21.7 

6.72 

0.39 


8 

20.0 

7.3 

0.36 

Statistical tetranucleotide . . 



0.50 


In Experiment 1 the nucleic acid concentration was 20 per cent and in Experimei 
2, 2.25 per cent. Phosphorus content of ammonium nucleate used = 7.14 per cen 


other experiments on the stability of the pyrimidine nucleosides in wea 
allcali, that these compounds are destroyed to a slight extent during th 
longer period of heating. If it is assumed that a similar loss took piac 
during the first 4 hours of hydrolysis, the highest value for the ratio c 
pyrimidine nucleosides to phosphorus becomes 0.42 in comparison with th 
theoretical of 0.50. Inorganic phosphate after 4 and 8 hours corresponde( 
to 94 and 102 per cent respectively of the total phosphorus, showing tha 
the nucleic acid was not completely hydrolyzed to the nucleoside stage unde 
the conditions used until after 4 hours. 

As adenosine is present in the hydrolysates mentioned above and h 
known to inhibit the utilization of cytidine and uridine by this strain 
of Neurospora if present in sufficient concentration (10), the low values 
for total pyrimidine nucleosides might be e.xplained on this basis. An 
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avamination of publislied data (4) for the ratios of guanine and adenine to 
phosphoms in the same nucleic acid preparation, however, revealed that the 
ratio of adenosine found previouslj' to the pyrimidine nucleoside content 
given in this paper was not sufficiently high to result in inhibition provided 
that this samjile of nucleic acid contained approximately equal quantities- 
of both cytidine and uridine. 

A few experiments were performed in which aliquots of hydrolysates 
prepared after 4 and S hours of heating were fractionated by phosphotung- 
stic acid to separate the purine components and cytidine from the uridine 
present. Assays of the resulting filtrates gave values for uridine very 
nearly one-half those found for both cytidine and uridine before fractiona- 
tion. These results are therefore in agreement with the older data (2) 
that cj’tidine and uridine are present in equimolar quantities in yeast 
ribonucleic acid. A number of fractionation experiments on larger samples 
and on other yeast nucleic acid preparations which will be published in a 
subsequent paper’ led to the same conclusion. 

SUMMARY 

A method is described for the determination of cytidine and uridine, by 
means of the pjTimidine-deficient mutant strain of Neurospora, No. 1298. 
The method permits the determination of these pyrimidine ribonucleosides 
over the concentration range from about 0.05 mg. to about 0.6 mg. in a 
volume of 5 ml. or less with a standard deviation of about 5 per cent. 

■ Cytidine forms a relatively insoluble, crystalline salt with phospho-12- 
tungstic acid, HsPOr 12WOr THsO, having a solubility in 1 N hydrochloric 
acid of 0.08 mg. per ml. (as cytidine) and can be separated from uridine 
in known mixtures w'ith a high degree of success. The assay of hydroly- 
sates prepared by heating samples of purified ammonium nucleate from 
yeast with 2.5 per cent ammonia at 140-150° for varying periods of time 
shows that the concentration of pyrimidine nucleosides reaches a maximum 
after 4 hours. The amount found for this preparation was 23.4 per cent or, 
expressed in relation to its phosphorus content, 0.42 mole of pyrimidine 
nucleoside per mole of phosphorus. Fractionation experiments vith 
phosphotungstic acid showed that equal amounts of cytidine and undine 
were present. 


BIBLIOGRAPHY 

„ 1. Osborne, T. B., and Harris, I. F., Z. physiol. Chem. 36, 85 (1902). 

2. Levene, P. A., and Jacobs, W. A., Ber. chem. Ges., 44, 1027 (IJiiJ. 

3. Hagenguth, K., Z. physiol. Chem., 239, 127 (1936h 


“ Loring, H. S., and Ploeser, J. M., unpublished work. 



1130 


ASSAY OF CYTIDINE AND URIDINE 


4. Loring, H. S., Carpenter, F. H., and Roll, P. M., J. Biol. Chem., 169, 601 (1917). 

5. Loring, H. S., Ordway, G. L., Roll, P. M., and Pierce, J. G., Federation Proc., 6, 

510 (1947). 

6. Loring, H. S., and Pierce, J. G., J. Biol. Chem., 163, 61 (1944). 

7. Ryan, F. J., and Brand, E., J. Biol. Chem., 164, 161 (1944). 

8. Van Slyke, D. D., Hiller, A., and Dillon, R. T., J. Biol. Chem., 146, 137 (1942). 

9. Jones, W., Nucleic acids. Monographs on biochemistry, London and New York, 

2nd edition (1920). 

10. Pierce, J. G., and Loring, H. S., Federation Proc., 6, 514 (1947); J. Biol. Chem., 
176, 1131 (1948). 



PURINE AND PYRIMIDINE ANTAGONISM IN A PYRIMIDINE- 
DEFICIENT IMUTANT OF NEUROSPORA 

By JOHN G. PIERCE* and HUBERT S. BORING 

(From the Deportment 0/ Chemistry and the School of Medicine, Stanford University, 

California) 

(Received for publication, June 1, 1948) 

Inhibitions of the growth of organisms by closely related structural 
analogues of several water-soluble vitamins are well known. Similar 
types of antagonism in the case of purine and pyrimidine metabolites are 
those between the purine bases, adenine and guanine, and benzimidazole 
(1) and between barbituric acid and uracil in the growth of Staphylococcus 
aureus (2). In such cases the antagonism is usually considered to be due 
to competition between the analogue and the metabolite in enzyme systems 
where the normal metabolite is involved. 

Antagonisms between two structurally related, naturally occurring 
substances are less common but have been demonstrated to exist between 
amino acids of similar structure (3, 4) and betw^een thiamine and pyridoxine 
(5). A most striking relationship between normal metabolites is that 
reported by Raska (6) in -which pellagra -^’as produced experimentally in 
dogs -when adenine alone or in conjunction with phosphate -u'as fed in daily 
doses of 400 to 500 mg. An explanation similar to that mentioned above 
for the antagonism bet-ween metabolites and structural analogues not 
occurring naturally has also been offered for the closely related natural 
substances. 

The present study is concerned with the inhibition of growth of the 
pyrimidine-deficient Neurospora mutant. No. 1298, by the natmally oc- 
curring purine ribonucleotides and ribonucleosides. This experiinentally 
produced strain, unlike the wild type, is unable to synthesize the pyrimidine 
ribonucleosides on a medium containing inorganic salts, carbohydrate, 
and biotin. Normal gro-w'th takes place, however, ■^'■hen the medium is 
supplemented wuth either cytidine or uridine or the corresponding nuc eo 
tides (7). It has been found that adenosine and adenosine-3-phosphate 
(yeast adenylic acid) inhibit the utilization of the p^imidine com^un s 

to a varying degree. An amount of adenine nucleoside whic 

to inhibit growth completely on the quantity of cytidine 
"inhibitory effect on an equivalent amount of uridine.^ The a 1 ion 0 an 
1 equimolar amount of uridine to a mixture of cytidine an a enosme m 

* American Chemical Society Postdoctorate Fellow. Present address, Depart- 
ment of Biochemistry, Cornell University Medical College, New 4 orK o ^ 
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M'hich no growth takes place results in the elimination of the antagonism. 
In contrast to the effect of adenosine and adenylic acid on this mutant 
strain of Neurospora, adenine shows no inhibitory properties at comparable 
concentrations. A similar inhibitory effect on the utilization of the pyrimi- 
dine nucleosides was found for guanosine and guanylic acid, but larger 
amounts of these compounds were required to produce inhibition under the 
same conditions. Guanine like adenine failed to cause inhibition at 
moderate concentrations. 


EXPEKZJIBNTAL 

The growth response of the mold to various concentrations of supple- 
ments and inhibitors as compared to that in the absence of inhibitor was 
determined from the dry weight of mycelium produced in liquid culture 
after incubation for 3 days at 25°. The composition of the basal medium, 
the method of inoculation, and the determination of the weight of mycelium 
were the same as previously described (7, 8). The concentrations of the 
pyrimidine derivatives used in the determination of the inhibitory effects oi 
the purine compounds were those which produced an appro.vimately hall 
maximum growth of the mold. In this range an amount of mold which cat 
be readily weighed is obtained, and growth response is most sensitive to 
small changes in the concentration of added supplement. The growth ol 
the mold w’as found from the average value of determinations madeffi 
triplicate. 

Uridylic acid, in the form of the diammonium salt, cytidylic acid, uri- 
dine,^ and guanine- were prepared by methods devised in this laboratory 
(9). Guanosine was isolated from yeast nucleic acid as described by 
Levene (10). The cy^tidine, guanydic acid, adenosine, and adenosine-3- 
phosphate were commercial samples.® 

Aniagonism by Adenosine and Adenosine-S-phosphate — The effect of 
adenine, adenosine, and adenosine-3-phosphate on the growth activity of 
cytidine, uridine, cytidylic acid, and uridylic acid w'as determined by 
adding increasing amounts of each purine compound to the basal medium 
supplemented with a constant amount of growth factor. The amount of 
cytidine or uridine used was 0.5 mg. per 25 ml. of basal medium. The 
growth of the mold in the presence of varying amounts of adenine, adeno- 
sine, and adenosine-3'phosphate was determined and plotted as the per- 
centage of growth obtained in the absence of inhibition. The data for 

J Loring, H. S., and Ploeser, J. McT., unpublished work. 

- Loring, H. S., and Ali, S. A., unpublished work. 

’ Cytidine and guanylic acid were kindly provided by the National Biocheiiuca 
Corporation, New York. Adenosine and adenosine-3-phosphate were obtained horn 
Schwarz Laboratories, Inc., New York. 
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cj'tidine and the three purine compounds and for uridine and adenosine 
are shomi in Fig. 1. It can be seen that adenosine was twice as inhibitory 
of cjdidine activity as was adenosine-3-phosphate. When uridine was used 
as the growth factor, appro.\-iraately five times as much adenosine was 
required to produce the same degree of inhibition. Free adenine failed to 
inhibit the growth of the mold on cytidine at a concentration equivalent to 
0.6 mg. of adenosine and indeed was slightly stimulatory at some concen- 
trations. Similarljq no significant inhibition of uridine in the presence of 
adenine was observed at a concentration equivalent to 4.0 mg. of adenosine. 



BASAL MEDIUM) 


Fig. 1. The effect of adenine, adenosine, and adenosine-3-phosphate e.vpressed as 
adenosine or adenosine equivalents on the growth of Neurospora mutant No. 1298, 
O adenine, • adenosine, and □ adenosine-3-phosphate in the presence of 0.5 mg. of 
cytidine; ■ adenosine in the presence of 0.5 mg. of uridine. 


In the case of cy tidylic acid and uridylic acid, the amounts employed to give 
about half maximum growth were 1 mg. of cytidylic ocid and 1 m^ of 
diammonium uridylate per 25 ml. of basal medium. Addition of the t ree 
adenine compounds in similar amounts to those used for the 
nucleosides gave inhibition curves of the same type as those shovm in ^ ig. . 
Free adenine as with cytidine and uridine did not affect the utilization of 
the pyrimidine ribonucleotides. The molar ratios of antagonist to ^ 
olite to give 50 per cent inhibition in the case of the fom pyrimidine 
compounds and adenosine and adenosine-3-phosphate were ca ° 
the respective inhibition curves and are given in Tab e . e our 

pyrimidine compounds it may be seen that cytidylic aci was e m 
readily inhibited, the molar ratio of adenosine to cytidyhc acid for 50 pe 
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cent inhibition being 0.13. In contrast to cytidylic acid, the inhibition 
ratio for adenosine and uridylic acid -was 0.41. It is evident that adenosine- 
3-phosphate was less inhibitory in all cases than the corresponding nucleo- 
side. Cytidine, like cytidylic acid, was more strongly inhibited than 
uridine, but each pyrimidine nucleoside was affected to a lesser degree by 
adenosine than was the corresponding nucleotide. 

Antagonism by Giianosine and Gv.anosine-8-phospluite — An entirely 
analogous situation was found in the case of the guanine compounds. 
Guanosine and guanylic acid inhibited the utilization of each of the four 
pyiimidine nucleosides or nucleotides while guanine at comparable con- 
centrations had no effect. The effect of guanosine and guanosine-3- 


Table I 

Molar Ratios of Antagonist to Metabolite for SO Per Cent Inhibition 


Metabolite 

Weight metab- 
olite used per 
25 ml. medium 

Antasoaist 

Moles antagonist 

Mofes metabolite 

Cytidylic acid 

1 

tKg, 

1 

1 

Adenylic acid 

0.27 

<< i< 

1 

Adenosine 

0.13 

Cytidine 

0,5 

Adenylic acid 

0.60 

ti 

0.5 

Adenosine 

0.24 

Uridylic acid 

0.86 

Adenylic acid 

0,6 


0.86 

Adenosine 

0.41 

Uridine 

0.5 

j Adenylic acid 

3.2 


0.5 

j Adenosine 

1.4 

Cytidine 

0.5 

Guanosine 

0.6S 


0.5 

Guanylic acid 

1.29 

Uridine 

0.5 

[ Guanosine 

3.0 

ti 

0.5 

Guani’lic acid 

7.8 


phosphate on mold growth in the presence of 0.5 mg. of cytidine or uridine 
is showm in Fig. 2. It may be seen that approximately twice as much 
guanosine or guanylic acid was required to produce the same amount of 
inhibition as for the adenine compoimds. Guanine in an amount equiv- 
alent to 10 mg. of guanosine per 25 ml. of basal medium did not affect 
the growth of the mold in the presence of 0.5 mg. of C3ffidine or uridine. 
The molar ratios of guanosine or guanylic acid to cytidine and uridine to 
produce 50 per cent inhibition are also shown in Table I. 

Antagonism in Mixtures of Pyrimidine Nucleosides and Nucleotides The 
surprising difference in the ability of adenosine to inhibit growth on uridine 
as compared to cytidine suggested that the antagonism was involved to a 
different degree in the reactions concerned in the utilization of the two 
compounds. If the reaction inhibited was the deamination of cj'tidine to 
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uridine rather than the utilization of cy'tidine per se, then it should be 
possible to eliminate the inhibition of cytidine by the addition of sufficient 
uridine to avoid the necessity of deamination. It was desirable, therefore, 
to determine the amount of uridine that would cause the reversal of the 
antagonism in an inhibitory mi.\-ture of cytidine and adenosine. A series of 
flasks containing 0.25 mg. of cytidine and 0.27 mg. of adenosine in 25 ml. of 
basal medium was supplemented with increasing amounts of uridine from 
0.05 to 0.5 mg. The molar ratio of adenosine to cytidine was 1.0, which in 
the absence of uridine produces complete inhibition. The effect of the 



Tig. 2. The effect of guanosvne or guanylic acid expressed as guanosine or gua* 
nosine equivalents on the growth of Neurospora mutant No. 1298; O guanosine, and 
□ guanylic acid in the presence of 0.5 mg. of cytidine; • guanosine, and ■ guanylic 
acid in the presence of 0.5 mg. of uridine. 


addition of the uridine is shown in Fig. 3, A, where the weight of mycelium 
found for each concentration of uridine was plotted against the total weight 
in mg. of cytidine and uridine used as the growth supplement. The curve 
showing the growth of the mold on either pyrimidine nucleoside in the 
absence of inhibitor is also presented. It may be seen that the growth- 
promoting properties of the mixtures were almost completely inhibited 
until the molar ratio of the cytidine to uridine approached 1. When the 
ratio reached 1, the inhibition was strikingly eliminated, and as more 
uridine was added, the amount of groni;h was approximatelj'’ that found 
with either cytidine or uridine when no inhibitor was present. As shoiro 
in the cytidine-adenosine curve in Fig. 1, 0.27 mg. of adenosine in the 
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presence of 0.5 mg. of cytidine, a molar ratio of 0.5, gave 98 per cent 
inhibition. Thus it is evident that the inhibition was a specific one and 
that the addition of an equivalent quantity of cytidine instead of uridine 
w'ould not have overcome the effect of the adenosine. 

An experiment performed with 0.4 mg. of cytidylic acid and 0.18 mg. of 
adenosine, an amount giving complete inhibition, gave a similar elimination 
of antagonism when increasing amounts of uridylic acid were added. In- 
hibition was nearly 100 per cent when the ratio of uridylic acid to C3rtidylic 
acid was less than 1, but, when the ratio became 1, inhibition no longer was 
observed. In this case w'hen an additional equivalent of cytidylic acid 



IN MG, IN MG. 

Fig. 3, A. The effect of uridine on an inhibitory mixture of 0.25 mg. of cytidine 
and 0.27 mg. of adenosine in comparison with the normal growth curve on cytidine 
or uridine; O normal growth curve on cytidine or uridine, • growth curve on cyt- 
idine-adenosine mixture with varying amounts of uridine. 

Fig. 3, B. The effect of adenosine on an equimolar mi.xture of 0.25 mg. of cytidine 
and 0.25 mg. of uridine. 

was added to the 0.4 mg. of cytidylic acid-0.18 mg. of adenosine mixture, 
the amount of growth corresponded to about 95 per cent inhibition. 

In an attempt to reverse the guanosine inhibition of cjdidine, increasing 
amounts of uridine were added to a mixture of cytidine and guanosine 
which is completely inhibitory (0.25 mg. of cytidine and 0.5 mg. of guano- 
sine; cf. Fig. 2). The antagonism was also eliminated in this case by the 
addition of an equimolar amount of uridine, 0.25 mg. of the latter permit- 
ting growth equal to 82 per cent of that expected from either 0.5 mg. of 
cytidine or the same quantity of uridine with no inhibitor added. 

The striking elimination of the inhibition of cytidine by an equimolar 
amount of uridine provided evidence that the antagonism of adenosine was 
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conccnicd in a highly specific way with the deamination of cytidine tO' 
uridine, possibly by inhibition of a cytidine deaminase present in the mold. 
A possible explanation of the antagonism for uridine alone could be the- 
blocking of the reverse reaction, the amination of uridine to cytidine. A- 
larger amount of adenosine would be required for the blocking of this- 
reaction than for the deamination, as shoum by the larger amounts re- 
quired to inhibit growth on uridine. If this were the case, one would 
expect the amount of adenosine which inhibits the utilization of uridine- 
alone to have no effect on an equimolar mixture of c3didine and uridine, both 
being available for growth. 

To study this question an equimolar mixture of 0.25 mg. of cytidine and 
0.25 mg. of uridine was supplemented with different amounts of adenosine 
from 0.23 to 1.4 mg., and the amount of mold growth determined in each 
case. The mycelium weights expressed as per cent of growth in the 
absence of inhibitor and the amounts of adenosine added are shown graphi- 
cally in Fig. 3, B. ^^ffien 0.27 mg. of adenosine was used, an equimolar 
mixture of all three components was present, and the growth of the mold 
was not inhibited, as was expected from the curve shown in Fig. 3, A. 
However, as the ratio of adenosine to cytidine and uridine was increased, 
mold growth was inhibited in a fashion similar to that found for uridine 
alone. Thus for 50 per cent inliibition, the same adenosine-uridine ratio- 
of about 1.4 was found in this experiment where cjd.idine was present as- 
with uridine and adenosine alone. The effect of adenosine on uridine is- 
probably concerned, therefore, with the utilization of uridine for growth 
directly rather than with its conversion to cytidine. 

To ascertain whether the inhibitory effects of adenosine and guanosine 
on a mixture of cytidine and uridine were additive, increasing amounts of 
guanosine from 0.2 mg. to 1.0 mg. were added to flasks containing 0.25 mg. 
of cytidine, 0.25 mg. of uridine, and 0.45 mg. of adenosine in 25 ml. of basal 
medium. Tins mixture allows about 30 per cent of the normal growth of 
the mold to take place; cf. Fig. 3, B. The addition of the guanosine re- 
sulted in further inhibition. . 

To demonstrate that the antagonism observed between adenosine and 
cytidine is a competitive one, i.e., that a constant ratio of antagonist to 
metabolite will give the same degree of growth regardless of the actual 
concentration of metabolite present, flasks were set up containing 
0.50, 0.75, and 1.0 mg. of cytidine per 25 ml. of basal medium. To these 
were added 0.07, 0.14, 0.21, and 0.28 mg. of adenosine, respectively. The 
percentage of normal growth obtained (as calculated from the stan ar 
growth curve (8)) was approximately the same at each concentra ion eve 
of antagonist and metabolite, i.e., 8, 6, 9, and 7 per cent, respective y. 

Although the antagonism between cytidine and adenosme was a so 
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demonstrated to exist in the pyrimidine-deficient mutant of Nciirospora 
No. 263-1895-3a^ (7), it could not be shoum in the wild type which is able 
to synthesize its p 5 T'imidine requirements. In determining this fact 5 mg. 
of adenosine were added to 25 ml. of basal medium, and the groi\i,h of the 
wild type measured in the usual way. The amount of growth did not 
differ significantly in the presence of adenosine from that found with the 
unsupplemented medium alone. 

DISCUSSION 

The Neurospora mutant No. 1298, unlike its wild type counterpart, fails 
to grow on the basal medium alone but grows when the medium is supple- 
mented with either of the two pyrimidine ribonucleosides or ribonucleo- 
tides. As these compounds are essential constituents of ribonucleic acid, 
it is evident that the failure of growth in their absence is due to a deficiency 
in ribonucleic acid synthesis. Because normal growth is obtained with 
either cytidine or uridine or the corresponding nucleotides, it is also ap- 
parent that the mold can accomplish the amination of uridine with the 
formation of cytidine or the deamination of cytidine to uridine as well as 
the phosphorylations necessary for the formation of nucleic acid from the 
nucleosides. 

The difference in the levels at which c 3 d.idine and uridine are inhibited 
suggests that the inhibition of at least two different reactions is involved. 
Evidence that the deamination of cytidine to uridine is inhibited is pro- 
vided by the fact that cytidine was more readily inhibited than uridine and 
because the cytidine inhibition could be readily eliminated by the presence 
of an equimolar quantity of uridine. In the latter instance the conversion 
of cytidine to uridine was no longer required for nucleic acid synthesis and 
the inhibition of this reaction would not be expected to have the same 
inhibitory effect on the utilization of the two compounds for growth. At 
concentrations of adenosine which inhibited growth on uridine, however, 
it appears that it is the utilization of uridine which is affected rather than 
its conversion to cytidine, as this inhibition was not removed by the presence 
of cytidine. The nature of the reaction concerned in this case is not 
apparent. 

The fact that the pyrimidine nucleotides, cj^tidylic and uridylic acids, 
are more strongly inhibited by adenosine than are the corresponding 
nucleosides is in agreement with their less efficient utilization for growth. 
Similarly adenosine-3-phosphate was less inhibitor 3 ’- than adenosine. 
These results are in agreement with several others which indicate that the 

* This mutant was kindly provided by Dr. H. K. Mitchell, Kerckhoff Laboratories 
of Biology, California Institute of Technology, Pasadena, California. 
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nucleosides may play a more central role in nucleic acid metabolism tbpri 
either the free bases or their nucleotides. 

The absence of adenosine inhibition in the wild type organism is in 
keeping with other obserwations that no inhibition is produced by closely 
related structural analogues when the substance concerned is not required 
for growth (11). In the wild type Ncurospora an efficient mechanism may 
be present for the conversion of adenosine to adenine which later was found 
in these e.\periments not to be inhibitory. An alternative explanation 
may be that pyrimidine synthesis can be stimulated to balance the in- 
creased amount of adenosine present. 

Of interest is the highl}’- specific nature of the antagonism of the pyrim- 
idine nucleosides by adenosine and guanosine and the striking reversal 
of the adenosine-cytidine inhibition by uridine. Unlike most inhibitions 
b}’’ closelj’’ related structural analogues in which high antagonist-metabolite 
ratios are necessary to produce inhibition, growth on cytidine was com- 
pletely inhibited bj^ an equimolar amovmt of adenosine. Similarly such a 
completely inlribitory mixture in the presence of a molecular equivalent of 
uridine behaved as if no antagonist at all were present. These experiments 
demonstrate the pronounced effect of the purine and pyrimidine nucleo- 
sides on growth in this strain of Ncurospora and suggest a similar function 
in the control of growth in other organisms. 

SUMMARY 

The utilization of the pyrimidine ribonucleosides and ribonucleotides for 
yowth by the pyrimidine-deficient mutant of Ncurospora No. 1298 can be 
ompletely inhibited by the addition of adenosine or adenosine-3-phosphate 
o the culture medium. Adenosine is the most active antagonist, adeno- 
ine-3-phosphate is somewhat less so, and adenine has no antagonistic 
ffect when added in, comparable concentrations. The nucleotides are more 
icadily inhibited than the nucleosides, and cytidylic acid and cytidine 
require less adenosine or adenosine-3-phosphate for inhibition than do' 
uridylic acid or uridine. Guanosine and guanylic acid also inhibit the 
utilization of the pyrimidine compounds, but somewhat larger amounts are 
required. Guanine like adenine shows no inhibitory action at moderate 
concentrations. 

The inhibition of cytidine by adenosine is strildngly reversed ^ ® 
addition of an amount of uridine equal to the cytidine present. Uii ine, 
however, is inhibited by the same concentration of adenosine regardless of 
whether or not an equimolar quantity of cytidine is present. These resyilts 
suggest that at least two reactions may be involved in the inhibition 
namely, the deamination of cytidine to uridine and the utilization of 
uridine itself for the synthesis of ribonucleic acid by the mold. 
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GROWTH AND LIPOTROPISM 


II. THR KITIXT.^ 01' DIKT.MIY MRTHIONINE, CYSTINE, AND 
CIIOLINl': IN THE YOUNG WHITE HAT 

llv C. H. TREADWELL 

{From the Dfpartvui^t'i of tiinrhrmii^try, School of Medicine, George Washington 
L'nirerriitt, Washington , and Southirrslrrn Medical College, Dallas) 

{Hoccivcil for jnihliration, .lunc 12, 194S) 

In a previous study (1) it was shown that the total methionine require- 
ment of rats of approximately 170 gm. initial body weight receiving a 
choline-free ha-^al diet wa.'s 1200 mg. per 100 gm. of diet. This total was 
differentiated into a growth rcciuircment of GOO mg. and a lipotropic require- 
ment of GOO mg. Tlic ba.«al diet contained 100 mg. of cystine per 100 gm. ; 
additional cystine did not cxhiliit any effect on growth or any antilipotropic 
activity. When the basal diet was supplemented with 100 mg. of choline 
per 100 gm., there was a maximum lowering of liver fat with no increase 
in the growth rate. Womaclc and Rose (2), using different experimental 
conditions, reported that .oOO mg. of methionine and 100 mg. of cystine per 
100 gm. of diet were adequate to support optimum growth in rats of an 
initial body weight of aiiiiroximatel}' 50 gm. Rats of this age are entering 
their most rapid growth period, during which it might be expected that the 
methionine requirement would be greater than that of 170 gm. rats which 
are growing at a slower rate, while our results suggested a some^yhat higher 
growth requirement for methionine in the 170 gm. rats. In addition to the 
different experimental techniques, another factor which made our resu ts 
difficult to correlate with those of Womack and Rose was the effect ot 
choline, which has been shown by du Vigneaud and coworkers ( ) ^ ® 
pre.scnt in the vitamin B complex used by Womack and Rose. ® ^ 
has been reported (4, 5) that choline has a grovffh-stimulatmg e ec , 
was found in our study Avith 170 gm. rats. However, it seeme ® 

that in 50 gm. rats there might be a methionine-sparing effect of cholme as 
regards growth. Thus it appeared desirable to extend our o serva iras o 
rats of 50 gm. initial weight. The data presented be ow, w en consi ere ^ 
in conjunction with the obseiwations in 170 gm. rats an e ^^oi ^ o 
ing and Eckstein (G) Avith adult male rats, indicate ^ ™ 
e.\perimental conditions the needs of the AAffiite rat or ’ 

and choline and the metabolic interrelationship of these three substance 
change, at least quantitatively, Avith the age of the amma . 
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EXPERiaiEXTAIi 

Young white rats weighing approximatelj^ 50 gm. (range 47 to 53 gm.) 
of the Sprague-Dawley strain were used. Thej’- were distributed among 
the dietary groups in a random manner, without regard to sex. The care 
of the animals has been described previously (7). The basal diet (No. 2G, 
Tables I to III) was composed of 15.4 per cent casein, 3.2 per cent arachin, 
5 per cent salt mixture (8), 2 per cent Cellu flour, 34.4 per cent glucose,' and 
40 per cent lard. A commerical vitamin-free casein and arachin prepared 
from peanut flour= by the method of Jolms and Jones (9) were used. The 
moisture content of the proteins was less than 1 per cent (1). The protein 
mixture in the basal diet provided 500 mg. of methionine and 100 mg. of 
cystine. The various dietarj' constitutents supplied a total of not more 
than 1 mg. of choline per 100 gm. of diet. When supplementary methi- 
onine, cystine, or choline was incorporated in the basal diet as indicated in 
Tables I to III, an equivalent amount of glucose was omitted. All rats 
received orallj' 0.1 cc. of U. S. P. XI cod liver oil and 0.1 cc. of a solution 
containing 25 7 of thiamine, 20 7 of riboflavin, 100 7 of calcium panto- 
thenate, 100 7 of nicotinic acid, and 20 7 of p 3 ’’ridoxine per daj". The experi- 
mental period was 21 daj's. Tlie livers were removed from the animals 
under sodium am 3 ^tal anesthesia and analyzed for total lipides ( 10) . Appar- 
^ ent differences were anal 3 '’zed for significance b 3 ’^ the t method of Fisher 
^ (11), and onl 3 ’’ those showing a P value of less than 0.01 were considered 
significant. 

Results 

Table I summarizes the data obtained when Diet 20 was supplemented 
with increasing quantities of methionine. The response of the 50 gm. rats 
used in this stud 3 ' was markedl 3 ’' different from that obser\'ed in the 170 gm. 
rats used previously. First, some of the animals receiving the diets of 
lower methionine content (Diets 20, 27, 32) died between the 8th and 14th 
day of the experiment. Also a few of the animals which survived the ex- 
perimental period showed a weight plateau lasting 3 to 5 days and a 
decrease in the food intake during the same inter\'al. At autops 3 ’’, in the 
animals d 3 dng during the experimental period, the hemorrhagic kidne}' 
condition described b 3 '' Griffith and Wade (4) was found. Also when the 
remaining animals were sacrificed at the end of the experimental period, 
gross inspection indicated in some of the animals the healed hemorrhagic 
kidne 3 's described by Griffith (12). The occurrence of healed hemorrhagic 
kidne 3 's was closel 3 ’' correlated with the occurrence of the weight plateau 
and the decrease in food intake. These phenomena were not obseived in 
the older rats recehung these diets (1). Thus there was considerable vari- 

' Generously supplied by the Corn Products Refining Company, Non- York. 

- Proflo brand, kindly furnished bj- the Traders Oil Mill Company, Fort V> orth. 
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ation anioiip ihc young ral;; fed Diets 20, 27, and 32. However, in most of 
die animals .‘^lunving a weiglit plateau and dccrca.se in food intake in the 
period from the Sth to the 14th day, there wa.s, following this, a slightly 
j* greater food intake and rate of growth than were observed in the animals 
not e,\hibiting the.-^e .<igns, so that, at the end of the experimental period 
there was less individual variation than would have been expected. All 
animals sundving the exjierimcntal i^oriod were included in the averages 
shown in Table 1. 

Tiic second important difference found between the jmung and the older 
rats was in the methionine reiiuirement.s for growth and lipotropism. At 
the lower }e\’el'=; of methionine, no difTerentiation between the methionine 

T.vni.r. I 

Methionine lierjtiircinenls Joe (irnxrlh aii'l Lipolropisin in Yoxtng Rats Receiving 

ChoUnc-Frec JJicte 


T)ic .niiin:il.« roccivcvl flic diets- fur 21 d.iy.s. The average initial weights for the 
dietary groujis ranged from -Ul to ri2 gin. The numbers in parentheses indicate the 
number of aniinaU dying during the cxperimi-ntaJ period. 


Did N'o. 

1 

. Mclli. 
ioninc 

1 

1 

Cyf^inc | 

i I 

' j 

Nn. o( 

r<>ofI intaic 

1 ;>cr<b>* 

i 

1 

0am in wcifihlt 

1 

j Liver lipidcs per 100 gm. 



Moist tissue 

Body weight 


1 

I /rf 

JOO fm, 
dirt 

f"<, ;er ! 

; 1' '> CK. ! 

1 iti'l 


/cm. 

> per een! 

gm. 

gm. 

20 

500 

1 

100 ; 

21 (0) 

5.3 ± 0.1 

01.2 ± 5.5 

24.1 ± 1.8 

2.00 ± 0.19 

27 

000 ! 

100 1 

12(1) 

0.0 0.2 

85.1 ±7.7 

18.3 ± 2.0 

1.35 ±0.15 

32 

soo 

100 j 

10(2) 

.5.0 ± 0.1 

115.1 ± 7.1 

12.0 ± 1.0 

0.88 ± 0.05 

33 

1000 

100 1 

S 

0.5 ± 0.2 

MO. 7 ± 5.0 

9.8 ±0.4 

0.61 ± 0.04 

48 

1300 

100 } 

IS 

0.3 ± 0.1 

132.7 ± 4.8 

8.3 ± 0.4 

0.34 ±0.01 

49 

1500 

1 

100 ! 

S 

0.3 ± 0.2 

135.0 ± 5.9 

6.3 ± 0.2 

0.2S ± 0.02 


* Including the standard error of the mean, calculated as follows: \/ Zd~/(n — 1)/ 

Vn. 


t The difTercncc between the initial and final weights expressed as per cent of 
initial weight. 

requirements for growth and lipotropism was possible. Up to the level of 
1000 mg. per 100 gm. of diet, there was a progressive increase in the grotvth 
rate and a progressive decrease in the liver lipide content. These results 
indicate tliat in the young rat both growth and lipotropism participate in 
the utilization of the available supply of methionine up to a level of 1000 
mg. of methionine. Methionine in excess of 1000 mg. further lowered the 
liver fat without an effect on the growth rate; at the 1500 mg- level the liver 
fat content was the same as when the diet contained 500 mg. of methionine 
and 200 mg. of choline (Table III). 

The effect of supplementing Diet 26 with cystine is shown in Table I . 
The 100 mg. increase in cystine in Diet 29 produced a distinct increase in 
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the level of liver fat. The apparent difference in the growth rate of the 
animals on Diets 26 and 29 is not statistically significant. Cystine at the 
400 mg. level in Diet 50 produced death in 84.6 per cent of the animals 
between the 8th and 14th days. All of these animals died with the t>T)ical 
symptoms of hemorrhagic kidneys. It is apparent that the basal diet used 
in those experiments is well adapted for the demonstration of the effect of 
cystine in intensifying the development of hemorrhagic kidneys. GrifBth 
(13) has suggested that the action of C 3 'stme in increasing the level of liver 
fat and intensifying the development of hemorrhagic kidneys is due to an 
improvement in the state of nutrition (growth) ; i.c., when dietary cystine 
increases the growth rate, there is a concomitant increase in the choline 
and methionine (labile methyl) requirements, thereby decreasing the 

Table II 

Effect of Cystine on Growth and Lipolropism in Young Eats Receiving 
Choline-Free Diets 


The animals received the diets for 21 days. The average initial weights for the 
dietary groups ranged from 49.0 to 52.2 gm. The numbers in parentheses indicate 
the number of animals dying during the experimental period. 


Diet Ko. 

Meth- ! 
ioninc j 

Cystine 

N’o. of 
rats 

! 

rood intake 
per day* 

Gain in weight! 

Liver lipides per 100 gm. 


Moist tissue 

Body weight 


ntg. fer 
100 sm. 
diet 

ms. per 
100 sm, 
diet 

j 

gm. 

per eenl 

gm. 

gm. 

2G 

500 

100 

24 (0) 

5.3 ± 0.1 

64.2 ± 5.5 

24.1 ± 1.8 

2.00 ± 0.19 

29 

500 

200 

15 (3) 

5.2 ±0.2 

69.5 ± 6.3 

30.5 ± 1.1 

2.73 ± 0.10 

50 

500 

1 

400 

13(11) 

5.4 

72.8 

32.9 

2.43 

1 


* See Table I. 
t See Table I. 


amount available for lipotropic action and the prevention of hemorrhagic 
kidneys. Both of these effects of cj^stine are demonstrated in this experi- 
ment without a significant increase in the growth rate. In Paper III of 
this series we shall present further studies which show that the suggestion 
of Griffith does not e.xplain the action of cj^stine on liver fat and the kidnej'3 
under all experimental conditions. 

The data obtained when the basal diet was supplemented with choline 
are summarized in Table III. The sjTnptoms of hemorrhagic kidnej’s 
were not obser\'’ed in any of the animals receiving choline. The growth 
rate was increased bj' the choline supplements up to a level of 200 rag. per 
100 gm. of diet, while the liver fat was decreased to an essentially normal 
value at the 100 mg. level. In our previous studies (1) with older animals, 
we have not observed a growth-promoting effect of choline. However, 
several other laboratories have reported this action of choline (14). 
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The results of the prcponl Ptvidy demonstrate some important differences 
in the rcsjionsc of 50 and 170 gm. rats to the same dietary regime. In 170 
gm. rats rereiving tlic basal diet used in these studios, GOO mg. of methi- 
oninc per 100 gm. of diet are required for optimum growth, and in the 
absence of choline, an additional GOO mg. of methionine are needed to 
maintain a nonnal level of liver fat. In these older animals, hemorrhagic 
kidneys did not occur even on the unsupplcmentcd basal diet. There is 
no signific.ant lowering of liver fat by methionine in such animals until the 
growth requirement is satisfied. On the basis of present loiowledge regard- 
ing the metabolic interrelationships of methionine and choline, it may be 
assumed that in 50 gm. rats receiving cholinc-freo diets methionine is 
necdeel for growth and that labile methyl groups derived from methionine 

Taulc III 

Choline RtijuirnncniF for Grou-th and Lipolropism in Young White Rats 
Tlie animals received the diets for 21 days. The average initial weights for the 
dietary groups ranged from -tO.O to 52.4 gm. The numbers in parentheses indicate 
the number of animals dying during the experimental period. 


Diet 

Meth. 

Ci.Une, 

1 j 

1 N'o. ot 

Food intal.c 
, per day* 

Gain in ivcightf 

Liver lipides per 100 em. 

Ko. 

lomnc 

i 

1 i 

1 rat' 

Moist tissue 

Body weight 

2G 

[nr. ter 
lOO fn. 

1 ^i<l 

500 1 

..... .... j 

'pif. fCf ' 
m. ' 
dtti ' 

100 

1 i 

I 0 

1 

1 

1 

,24(0) 

1 

1 5"* 

I 

5.3 ±0.1 

i 

per cent 

01.2 ± 5.5 

gm. 

1 

;24.1 ± 1.8 

gm. 

; 2.00 ± 0.19 

34 

500 

100 

1 100 

1 C 

1 o 

! G.O ±0.2 

88.0 ± 5.1 

1 8.2 ±0.4 

1 0.40 ± 0.04 

35 

500 

100 

1 200 

8 1 

5.7 ±0.1 

100.4 ± 5.0 

0.0 ± 0.3 

0.29 ± 0.17 

51 

500 

100 

300 

10 1 

0.4 ±0.1 

95.7 ±3.0 

7.2 ± 0.4 

0.32 ±0.01 


‘ See T.ablo I. 
t Sec Table 1. 


are needed for lipotropism and for the prevention of hemorrhagic kidneys, 
rhe data in Table I suggest that these three requirements compete for the 
available supplj’’ of methionine, but that no one takes precedence over the 
others. For example, if one compares the results with Diet 32 to those 
n-ith Diet 20, the 300 mg. of additional methionine in Diet 32 produced an 
increase in the growth rate, a lowering of the liver fat, and a decrease m the 
incidence of hemorrhagic kidneys. However, it is apparent that none o 
the three requirements was completely satisfied at this level of inet lonine. 
The further increase of 200 mg. of methionine in Diet 33 produced optimum 
growth, a complete absence of hemorrhagic kidneys, and a nearly norma 
level of liver fat. When the data in Tables I and HI are compared, it can 
be concluded that the 500 mg. of methionine and 100 mg. of cystme are not 
sufficient to support optimum growth, for while supplemen mg e 
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diet with 200 mg. of choline (Diet 35) gave maximum lowering of the liver 
lipides, complete protection against hemorrhagic kidnej's, and maximum 
stimulation of gi'owth by choline, the growth rate was distinctly less than 
that found with the higher levels of methionine. Assuming that the choline 
in Diet 35 satisfied the requirements for lipotropism and prevention of 
hemorrhagic kidneys, then the 500 mg. of methionine which the diet con- 
tained were all available for grouiih. However, the 100 per cent increase 
in weight is less than optimum, as is shovTi by the group fed Diet 33 ; there- 
fore the growth requirement for methionine in the 50 gm. rat is greater than 
500 mg. when 100 mg. of cjmtine are present. Thus, the growth-stimulat- 
ing effect of dietary choline in young rats, in contrast to the absence of 
such an effect in older animals, is most simply explained by a preferential 
utilization of methionine for growth in the older animals, so that the 
addition of choline does not decrease the demand on the available supply, 
whereas in the young animals, several metabolic processes are participat- 
ing in the over-all utilization of the amino acid, and the introduction of 
choline into the diet supplies the needed methyl groups for at least two 
of these processes, thereby sparing methionine for growth. 

SUMMARY 

Young white rats (50 gm. initial weight), receiving a choline-free diet 
containing IS.G gm. of protein, 500 mg. of methionine, and 100 mg. of cys- 
tine per 100 gm., grew at a rate less than optimum and developed fatty 
livers and hemorrhagic Iddneys. 

"N^ffien the diet contained 1000 mg. of methionine, growth was optimum, 
there were no symptoms of hemorrhagic kidneys, and the level of liver fat 
was only slightly above normal. The total methionine requirement was 
between 1300 and 1500 mg. per 100 gm. of diet. 

Yffien the diet contained 200 mg. of cystine, there was a distinct antilipo- 
tropic effect without a significant increase in the grovdh rate. Cystine, at 
the 400 mg. level, produced death in 85 per cent of the animals within 14 
days. 

The greatest stimulation of growth by choline was observed at the 200 
mg. level, which also produced a normal fat content in the liver. It is 
suggested that the growth-stimulating effect of choline may be attributed 
to a methionine-sparing action. 
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GROWTH AND LirOTROPISM 

THF FFI'rCT OF SUPPLICMENTARY CYSTINE, METHIONINE, AND 
' CHOLINE IN LOW PROTEIN DIETS 

Ry C. R. TREADWELL 

{From tic DcporlmcU of liiochcmirlr,,. School of Medicine, George Washington 
I'nircrfitu, Washingloti) 

(Rcci'ivpil for iniliPicalion, .lime 12, 191S) 

Since the initial obf=cn-alion by Bccston and Channon (1) of the anti- 
lipotropic effect of ev.-^tine, there has been no entirely satisfactory explana- 
tL of this efTect of* the amino acid. Griffith (2) has explained the anti- 
lipotropic efTect of cy.stine on the basis that suPPl^^^tary ^ 

the metabolic level .and thus creates an increased 
factors. This succestion is attractive in that it does not in 
metabolic antagonism between ey.^inc and 

such as methionine. Stetten and Grail (3) - , . rvstine and 

tropk clicct of cyslinp docs not involve an bcM 

chdine, T1.0 data of Tread, veil, C.rootl,u.s, ™ ^ 

interpreted (5) as indicating a suggested by Treadwell 

thionine. However, this interpretation \\.as not sugge y 

cl al, and their data may be explained in other "'ays. receiving 

In Paper I ot 11ns series (0), it teas shotvn that .n -0 gm. r^s reecivmg 

a cholinc-lrce basal diet, containing 1S.0 per cen ’ yp tp 

ot methionine, and 100 mg. per cent ot cystrae, e the 

a level of COO n.g. did not exhibit an 

growth rate. In a subsequent study (0, of hemorrhagic 

diet showed an increase in liver fat an i ,en supple- 

kidneys without a significant increase in growth rate S 

ments of cystine. . , . production and pre- 

In our studies of the various act either to increase 

vention of fatty livers, we have assumed lipotropism. While 

or decrease the supply of methyl groups ava , j^ry cj’’ stine were not 

the results obtained in this laboratory it seemed desirable to 

in disagreement with the suggestion o the experimental 

extend our studies on cystine. It vas cystine on 

jeonditions from those previously use s jggQg(j. In this connection 
\ growth and lipotropism might be ® J lopment of the hemon-hagic 

it seemed especially desirable to avoid avoided by using 

kidney condition. As will be shown be ° • .^gight, as shown by 

animals of an initial weight of 100 gm. Rats of this w g 
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Griffith (8), are more resistant to the condition than 40 gm. animals. Also 
a basal diet modeled after the one used by Osborne and Mendel (9) in tlioir 
classical studies on the giwvth-promoting effect of cystine seemed prefer- 
able to the high protein diet used in our previous studies. For purposes of 
comparison, methionine and choline supplements were included in addition 
to cystine. 


EXPERIMENTAL 

■'Aliite rats, of both sexes, weighing approximately 100 gm. (range 97 to 
104 gm.), were used. Those used in Experiment A, Table I, were of the 
Carworth strain; in Experiments B, C, and D (Tables I and II), the 
Sprague-Dawley strain wms used. The care of the animals was the same 
as described previously (10). Turn basal diets were used. Diet 100 
(Table I) consisted of 5 per cent casein, 2 per cent Cellu flour, 5 per cent 
salt mixture (11), 48 per cent glucose,* and 40 per cent lard. Diet 112 
(Table II) was like Diet 100 except that it contained 9 per cent casein and 
44 per cent glucose. The supplements shown in Tables I and II were 
introduced at the expense of the glucose. The casein was a commercial 
lutamin-free product. The various dietary constitutents supplied a tots 
of less than 1 mg. of choline per 100 gm. of diet. All rats received orall; 
0.1 cc. of U. S. P. XI cod liver oil and 0.1 cc. of a solution containing 25 ■ 
of thiamine, 20 y of riboflavin, 100 y of calcium pantothenate, 100 y c 
nicotinic acid, and 20 y of pjTidoxine per day. The experimental perio< 
was 21 daj's. The food intake was determined daily and the weight change 
^Yere recorded three times weekly. The livers were removed from the ani 
mals under sodium am34al anesthesia and analj^zed for total lipides (12) 
Apparent differences were evaluated by the t test of Fisher (13), and onl; 
those showing a P value of less than 0.01 were considered significant. 

Results 

In Experiment A (Table I), the rats receiving Diet 100 lost 8.2 per cent 
of their initial body weight and developed fatty livers during the 21 day 
period. Diet 101 contained 100 mg. of supplementary cystine. With this 
diet the weight loss was the same as in those receiving the basal diet. The 
100 mg. of supplementary cj^stine e.xhibited a distinct antilipotropic effect, 
increasing the liver fat from 18.4 to 24.5 per cent. Thus, there was an 
antilipotropic effect of cystine in the absence of any stimulation of growth. 
Diet 102 contained 100 mg. of supplementary^ cystine and 100 mg. of cho- 
line. On this diet the animals also lost iveight. However, due to the 
inclusion of choline, the liver fat was decreased from 24.5 to 15.1 per cent. 
Diet 105 contained 124 mg. of methionine, an amount of methionine cqui' - 

* Generously supplied by the Corn Products Refining Company, Xcw York. 
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alcnt to lOO me:, of cys^tinp on the ba'^is of sulfur. There ^vas no stimulation 
of growth. Since the methionine was not used in growth, it was available 
for lipotropism, and there was a .‘^mall decrease in the liver lipides. The 
100 mg. of choline in Diet 100 lowered the liver fat to the same extent as in 
Diet 107. The differences in the levels of liver lipides between groups on 
Diets 100 and 101 .and between groups on Diets 107 and 102 demonstrate 


T.mu.i: I 

Effect of Supplcincnlarii Cp'^iinc, }fclhioninc, nnd Choline in Rats Receiving S Per Cent 
Cnecin (Cholinc-FTCc) Diets 


The .'itumnl's rorcivod the diet': for 21 days. The avcr.agc initial weights for the 
lietaiy group^ ranged from 00.2 to 101.1 gni. The composition of the basal diet is 
IcEcribcd in the te\t. 



Eapii!cTrc'it« ptr j j ^ 

Liter lipides per 100 gm. 

Piet 

im , .... O.rU 'ciiancc in ncirl.tl 

No 

1 ral> Iff <i3> • ‘ 

Mcth- Cj«. ,C!o. i 1 

ioninc lire line I 

Moist v\cight Body weight 


Experiment A 



5.3 dz 0.3 

5.3 ± 0.3 
5.7 iO.2 

5.4 ± 0.2 
5.4 ± 0.3 
G.l i 0.2 


per cent 

-S.2 ± 1.9 
-7.6 ± 1.9 
-3.1 ± 1.4 
-S.l ± 1.9 
-6.8 ± 2.3 
-9.4 ± 1.4 


jm. 

18.4 ±0.7 

24.5 ± 1.6 
15.1 ± 1.2 
10.3 ± 0.7 
11.0±O.S 
11.0 ± 1.2 


1.09 ± 0.09 
1.81 ±0.21 
0.77 ± 0.09 
0.95 ± 0.06 
0.59 ±0.08 
0.50 ±0.06 


Experiment B 


4.3 ± 0.1 

4.4 


-18.8 ± 2.0 
- 21.2 


19.3 ±1.3 1.10 ±0.13 


300 0 8 4.6 ±0.2 — 14.6 ± 2.2 27.9 ± 1.6 2.02 ±0.20 

0 0 8 4.5 ±0.2 —14.0 ±1.3 12.3 ± 1.2 0.64 ±0.10 

* Including the standard error of the menn,calculated as follows: - 1)/ 

t The difference between the initial and final weights expressed as per cent of 
initial weight. 

the antilipotropic action of cystine. Of some interest in connection with 
the antilipotropic effect of cystine is the lowering of liver fat y c o me m 
the different diets. With Diet 102 the liver fat was decreased from 24.5 to 
lo.l per cent, a decrease of 9.4 per cent. With Diet 107 t e were 

decreased from 18.4 to 11.0 per cent, a lowering of 7.4 per cent, ihus, 
[effect of 100 mg. of choline was approximately the same m both diets, .m 

.the two diets containing cystine, the liver fat was at a ig er eve ^ ^ 

the corresponding diets without cystine. This may be in erpre e a 
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eating that in both diets the effect of the supplementary cystine was to 
lower the total supply of lipotropic methyl groups. 

We had assumed on the basis of previous work (14, 15) that growth would 
be stimulated when Diet 100 was supplemented with the sulfur amino acids. 
It appeared that there were two possible explanations for the failure 
of methionine and C 5 ’’stine to stimulate growth on this basal diet. First, 
the supplements w'ere too small to demonstrate their effect, or secondl}', 
in addition to a low sulfur content there was some other limiting factor 
operating. In Experiment B (Table I), the first possibility was investi- 
gated. The supplements were increased to 300 mg. of cystine and 372 mg. 
of methionine. The rats used in Experiment B were from our laboratorj’ 
colony which is of the Sprague-Dawley strain. These animals exhibited 
a greater weight loss on the basal diet than the rats of the Carworth strata 
used in Experiment A. The results with Diets 108 and 109 show that the 
failure to produce a stimulation in growth with the smaller supplements 
was not related to the low level of the supplements. T his experiment also 
confirms the finding in Experiment A that the antilipotropic effect of cystine 
may be demonstrated in the absence of any stimulation of growth. 

In Experiment C (Table II), the second possibility was investigated. 
The casein in the basal diet was increased to 9 per cent (Diet 112). On this 
diet rats from our colony lost weight slowly during the experimental period. 
Supplements of 100 mg. of cystine or 124 mg. of methionine produced a 
stimulation of growth. The growth rate was of the same magnitude with 
both amino acids. With Diet 113 there was an antilipotropic effect of 
cystine, with an accompanjdng stimulation of growdh. The choline supple- 
ment in Diet 115 lowered the liver lipides to an essentially normal level, 
with no effect on the growth rate. A further stimulation of growth occurred 
at the higher levels of supplementary cystine and methionine. The results 
with cystine suggest that the young rat can use more than 100 mg. of cystine 
to supply its sulfur amino acid requirement. Actually the 300 mg. of 
cystine were more effective in stimulating growth during the first 12 to U 
days of Experiment C than the data indicate. The growth and food intake 
of the anim nls on Diet 110 closely paralleled those of the rats receiving 
Diet 111 up to the 12th and 14th day; then the food intake fell off and the 
body weight reached a plateau or decreased slightly. At autopsy there 
were no gross signs of hemorrhagic kidneys. These changes in food intake 
and growth were not observed in the other dietary groups or in the animals 
receiving Diet 110 in Experiment D. 

The anim.qls in Experiment D grew at a greater rate than the animals 
of Experiment C on comparable diets. The difference in response in the 
two experiments may have been due to the fact that the experiments were 
run at different seasons of the year or that because of unavoidable condi- 
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tions (ho stocl: diet of our animal colony was changed in the interval be- 
tween EN-j-feriments C and D. However, qiialitativelj-, the results confirm 
those of Experiment C. Salmon (IG) has recently published data, obtained 
with weanling rats, on (he physiological relationships of protein, fat, choline, 
methionine, cystine, nicotinic acid, and tryptophan. Comparison of the 
results of the jircsent study with those of Salmon emphasize the importance 
of baking info consideration (he age of the experimental animals in data 

Tahu: II 

Effect of Sup])lfmcntnT;i Cvftinc, Methionine, and Choline in Rats Receiving 9 Per Cent 

Cnsein {Choline-Free) Diets 


The .aniiiailF received tlie diolF for 21 d.iys. The avcr.igc initial weights for the 
diet.ary groups ranged from 00.1 to 101. G gin. The composition of the basal diet is 
described in the text. 


Did 

Xo, 

^ Supplcnrrt* 
j IWfni.tJIc 

per 

Is 

No. ol 

Food intiie 
per day* 

1 

|Changc in weightt 

1 

1 Liver lipidcs per 100 gtn. 

I MtUi. ! 
ior.jr.c 

I Of- 

1 line 

! Cho- 
] line 

1 Moist weight 

i 

Body weiglit 

Experiment C 


1 r.t. 

mt. 

nC. 

1 

rn. 

fer cent 

gm. 

gm. 

112 i 

0 

0 

0 

s 

5.5 i 0.3 

-3.G±2.7 

22.2 ± 1.8 

1.34 ±0.17 

113 ! 

0 

lOO 

0 

s 

0.1 ± 0.2 

+C.4 ± 1.3 

26.6 ± 1.9 

1.76 ± 0.21 

114 

124 

0 

0 

9 

0.0 ±0.4 

-PS. 9 ± 2.8 

19.5 ± 2.4 

1.02 ±0.15 

115 

0 

0 

100 


5,5 ± 0.3 

-2.4 ± 2.1 

8.6 0.5 

0.36 ±0.03 

110 

0 

300 

0 

11 

G.O ±0.2 

+10.4 ± 2.9 

27.9 ± 1.6 

2.24 ±0.20 

■ 111 

372 

0 

0 

9 

7.0 ± 0.3 

+18.4 ± 2.0 

14.5 ± 2.0 

0.75 ±0.15 

Experiment D 

110 

0 

300 

0 

G 

7.5 ±0.5 

+28.0 ± 5.7 

27.0 ± 3.5 

2.03 ± 0.51 

111 

372 

0 

0 

G 

7.5 ±0.2 

+28.3 ± 2.0 

12.9 ± 1.0 

0.56 ± 0.06 

115 

0 

0 

100 

c 

5.8 ±0.2 

+13.1 ± 2.9 

7.6 ± 0.3 

0.27 ± 0.01 

lie 

0 

300 

100 

s 

O.G ± 0.2 

+24.9 ± 2.2 

12.4 ± 1.0 

0.52 ± 0.07 

117 

372 

0 

100 

8 

7.1 ± 0.3 

+31.2 ±2.3 

12.3 ± 1.1 

0.45 ± 0.03 


• See Table I. 
t See T.able I. 


obtamed in different laboratories. Salmon found that with weanling rats 
the primary deficiencj’’ in low casein diets was labile methyl groups, vie 
in this study with 100 gm. rats, the primary deficiency was in sulfur ammo 
acids. We have suggested previously (7) that the growth-stimulatmg 
effect of choline is most simply explained on the basis of a met lonine 
sparing action. 

The failure of methionine and cystine to stimulate growth in rats receivmg 
per cent casein diets was unexpected, inasmuch as a stimulation as o en 
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be^ reported earlier (14, 15). A review of the earlier studies suggests that 
this difference may be related to the use of vitamin concentrates, while in 
the present study, pure vitamins were administered. The concentrates 
possibly supplied amino acids or other factors which are limiting in a puri- 
fied 5 per cent casein diet. A second possibility is that in the present study 
the diets contained 40 per cent fat, so that the daily food intake was less 
than wdth diets of lower calorie content. 

The results of these experiments clearly show that the antilipotropic effect 
of cystine is not related to an increase in the nutritional level as suggested 
by Griffith (2). Two other explanations of the antilipotropic effect may 
be cited. First, in the metabolism of cystine methyl groups may be required. 
Secondly, the addition of cystine may decrease the rate of removal of the 
methyl group from methionine by a mass action effect, for, as has been con- 
vincingly shown by du Vigneaud and coworkers (17), the demethylation 
of methionine yields homocysteine which combines with serine to form 
cystathionine which is then cleaved to liberate cystine. When cystine is 
added, the concentration of the end-product of the above series of reactions 
is increased, which may decrease the rate of the reaction. 

SUJIMARY 

Under the conditions of the present study, supplementary cystine and 
methionine did not stimulate growth when added to a 5 per cent casein diet. " 
Growth was stimulated when these amino acids were added to a 9 per cent 
casein diet. 

The magnitude of the growth response to supplements of cystine am 
methionine was approximately the same for both amino acids, e.xcept durin, 
a period of decreased food intake by the cystine-fed animals in one experi 
ment. Amoimts of cystine greater than 100 mg. per 100 gm. of diet can bi 
utilized by the rat for growth. 

Cystine can produce an antilipotropic effect without an accompanyinj 
increase in the nutritional level. 

Choline produces comparable decreases in the liver lipides in the presena 
or absence of cystine. 
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THE VITAMIN Be GROUP 

XIV. DI.^^TRIBITION OF PYRIDOXAL, PYRIDOXAMINE, AND 
PYRIDOXINR IN SOME N.\TURAL PRODUCTS* 


Bt JESSE C. RARINOWITZ an-d ESMOND E. SNELL 

(/Vom lh( Dcpnrlmrnt of liiorhcmifinj. College of Agriculture, University of 
Wireonsin, ^follisorl) 


(Received for publication, July 1, 10 IS) 


Altliougli pyridoxal, pyridoxaminc, and pj'ridoxine are all known to occur 
naturally (1), almost no information concerning the distribution of these 
individual forms of vitamin Be is available. Use of three microorganisms 
for the individual detection of these three substances has been previously 
suggested (1, 2). Since Lactobacillus casci responds onlj" to pyridoxal,* this 
substance could be determined direct^'. Both pyridoxamine and pjTi- 
doxal, but not pyridoxine, promote growth of Streptococcus faecalis;'- 
pyridoxaminc was thus obtained as the difference between the value ob- 
tained with this organism and with Lactobacillus casci, corrected for the 
difference in activity of the two compounds for the former organism. Total 
ntamin Be was determined with Saccharomyccs carlsbergensis 4228, which 
' responds to pyridoxal, iiyridoxamine, and pjTidoxine, The difference 
between the assaj' value obtained with Saccharomyccs carlsbergensis and the 
sum of the values for pyridoxal and pyridoxamine was considered to 
represent pyridoxine. 

Validity of this approach to the problem was questioned when it was 
found that assay of yeast and liver extracts with Streptococcus faecalis gave 
higher values for their vitamin Be content than did assay with Saccharo- 
myccs carlsbergensis (3). Subsequently this result was shown to be due 
chiefly to the presence in natural materials of a “bound” form of vitamin 
Be, pj’ridoxaraine phosphate, which was inactive for Saccharomyces 
carlsbergensis but active for Streptococcus faecalis (4). Present availabi ty 
of improved hydroljdic procedure for release of vitamin Be from tissues (5) 


* Published with the approval of the Director of the Wisconsin Agricultural Ex 
periment Station. Supported in part by a grant from the Research Committee ot 
the Graduate School from funds supplied by the Wisconsin Alumni Researc oun a 


tion. 


‘ At high levels, addition of either pyridoxine or pyridoxamine to e me lu 
.■mits growth of LaclohaciUus casei; they are less than 0.001 as active as 
^ this organism, however, and their contribution to the analytica 
I natural materials is entirely negligible (2). Similarly , 
as active as pyridoxamine or pyridoxal for Slreptocoeeus faecalis, an i s 
to analytical values obtained with the latter organism is ni . 
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and of improved assay methods with Streptococcus faecalis (6) and Lacto- 
bacillus casei (7) permitted reexamination of the utility of a differential 
assay procedure for the various forms of vitamin Be. Results of this study 
are presented below. 


BXPERIMENTAIi 

Assay Procedures — Pyridoxal was determined with Loafebaciifits casei (7); 
Streptococcus faecalis R was used for determination of pyridoxal plus 
pyridoxamine (6). Saccharomyces carlshergensis 4228 was used (5, 8) for 



PER CENT INCIDENT LIGHT TRANSMITTED 
Fig. 1. The effect of nicotinic acid on the determination of vitamin Be with Sac- 
charomyces carlshergensis. Abscissa, per cent of incident light transmitted by a 20 
hour culture of Saccharomyces carlshergensis grown in the presence of 20 my of pyri- 
doxamine dihydrochloride per 5 cc. Ordinate, vitamin content of a dried yeast 
sample calculated as micrograms of pyridoxamine dihydrochloride pet gm. of yeast. 


the determination of total vitamin Be (pyridoxal, pyridoxamine, and pyri- 
doxine) . The basal medium used in the latter procedure has been criticized 
(9) for the omission of nicotinic acid. In a single experiment, no difference 
in the apparent vitamin Be content of a yeast sample was noted, whether or 
not nicotinic acid was added to the medium. However, a review of all 
assays conducted on this sample showed that, when nicotinic acid had been- 
omitted from the medium, growth was less with suboptimal levels of vita- 
min Be than when nicotinic acid was present in the medium. With heavier 
growth, assay values for vitamin Be tended to be lower. These^ r^ulte,- 
summarized in Pig. 1, indicate that in some but not all assays nicotinic acid 
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docs become a Rrowth-Iiinitinp factor in the original assay medium (8), and 
that under such condit ion^■ values found for vitamin Bo may be high. For 
these reasons, nicotinic acid was included in the assay medium at a level of 
Q.5 mg. per lOO cc., as recommended by Hopkins and Pennington (9). 

Mlienever nat ural materials were as.sayed, an amount of sample estimated 
to contain 2 y of vitamin Bf, was finely ground, placed in ISO cc. of 0.055 n 
hydrochloric acid, autoclaved for 5 hours at 20 pounds pressure (5), cooled, 
and neutralized with juifassium hydroxide solution. Samples in which 
solid materials remained were filtered before ass.a 3 y 
Asmj of Knoirn Mixturni — Results of assaj' of mixtures of pyridoxal 
h 3 *drochIoridc, p 3 'ridoxamine dih 3 'drochloridc, and p 3 'ridoxine hydro- 
chloride arc shown in Taiih' I. The method for calculating the amount of 

Taiu.k I 


Drtcrmin'ition of Puri'loTal, Puridoiaminc, nnd Pyridoxinc in Mixtures 
of Knoirn Composition 
The v.alucs are expressod ii« milliinicrogr.'uns per cc. 


i 

I 

Total ifjay value j 







1 

L* eaid 

1 S.Jatcitit 

] 5. curlthergensis i 

Amount lound 

/tmouTil added 

Simple 

Ko. 

Standard u«ed j 



■ ■ 1 




r,vrj- ! 

1 doial 

1 HCl ! 

ryTi- 

iVjial 

IICI 

ryii- 

<lox- 

amine 

zna 

' Tyridoxal I 
(fClor 1 
pyridoxinc 

1 HCl 1 

P>T)- 

<Iox« 

amine 

2UCI 

Pyti. f 
^oxal ! 

iici 1 

Ps’li- 
doi- J 
amine f 
2UCI 1 

Pyri- 1 
doxinc 1 
HCl ' 

1 

Pyri- 
doxal ‘ 

HCl , 

Pyri- 

dox- i 
amine 
2HCI ! 

Pyri- 

doxlnt 

HCl 


1 

m 

(C) 

1 

(E) 


(p) 

(C) 

1 


1 


B 


Bi 

1.4S 


i 0.45 1 

' 0.43 


0.40 


2 


m 


bH 

2.28 

B 


0.27 

0.90 

0.60 



ich component of the mixture from the assay values requires some expla- 
ation. The dose-response curves of Saccharomyces corlshergensis to 
yridoxal and to p 3 'Tidoxine arc identical. However, the dose-response 
irves of both this organism and Slrcplococciis faecalis to pyridoxal and to 
yridoxamine were dissimilar; i.c. the activity of pyridoxamine in terms of 
iTidoxal wa.s not constant over the assay range used. Consequentty, no 
mstant factor for converting pyridoxal to its equivalent of pyridoxamine 
)r vice versa) could bo used. To meet this situation, standard dose- 
isponse curves to each compound were obtained with each organism. The 
itamin Bt content of the samples was [then calculated in terms of each of 
lese standards (Columns B to E, Table I) . The value found in terms 
■ pyridoxamine divided by the value found in terms of pyridoxa,! thus gives 
ratio which expre.sses the “average” activity of pyridoxal in terms of 
yridoxamine over that portion of the curve used in calculating the resu ts. 
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The individual components of the mixture are then calculated as follows: 

Pyridoxal hydrochloride = A 

Q 

Pyridoxamine dihydrochloride = G — A — F 

Pyridoxine hydrochloride ~ D — (A + F X —) = G 

E 

where A, B, etc., are the values found with the individual assay organisms 
against the appropriate standard, as indicated in Tables I to IV. The 
validity of this method is shown by the results obtained in the analysis of 
the two mixtures (Table I). Recoveries of pyridoxal hydrochloride were 
102 and 102 per cent, of pyridoxamine dihydrochloride 112 and 112 per cent, 
and of pyridoxine hydrochloride 90 and 108 per cent of the amounts added 
in the two samples. 

The limitations of a differential assay procedure of this type should be 
emphasized. If one accepts dtlO per cent as the approximate limits within 
which values found by each of the three assay methods are reproducible 
(see below), then it is apparent that a variation of ±10 per cent of the total 
assay value found with Streptococcus faecalis (pyridoxal plus pyridoxamine) 
V might be expected in the value calculated for pyridoxamine alone. Simi- 
larly, the variation encountered in the calculated value for pyridoxine will 
be ±10 per cent of the total assay value found with Saccharomyces carls- 
bergensis, which responds to pyridoxal, pyridoxamine, and p 3 n'ido.xine. It 
is thus clear that values for pyridoxal are relatively accurate, those for 
pyridoxamine less so, and those for pyridoxine are least so. The credibility 
of values for p 3 Tidoxine, for example, will depend upon the proportion of 
the total vitamin Be which it represents. If this is only 10 per cent or less 
of the total assay value with Saccharomyces carlsbergensis, the value calcu- 
lated for it is clearly meaningless. 

A more accurate estimate of the validity of these assays may be gained 
from Table II. Here the results of six wholly independent analyses of a 
dried yeast are shown. The coefficients of error in the determination of 
vitamin Be wdth Lactobacillus casei, Streptococcus faecalis, and Saccharomyces 
carlsbergensis were 6.3, 8.0, and 4.2 per cent, respectively, of the mean 
value. The pyridoxal, pyridoxamine, and pjn'idoxine contents of the yeast 
and the probable error of each value were calculated from these average 
figures and their standard errors by the method previously described. 
From the tabulated results it is apparent that, while the values for pyridoxal 
and pyridoxamine are highly significant, those for pyridoxine are not, and'- 
it cannot be said with certainty whether or not any pyridoxine is present. 
It is certain, how’ever, that the amount of pyridoxine present, if any, is com- 
paratively small. 

The error of the mean value, calculated on the assumption that the total 
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assay value as dctcmiincd with each organism is subject to 10 per cent error 
in cither direction, is showni in the last line of Table II. Examination of 
the individual ass.ay values shows that most, though not all of these, fall 
between these limits. Consequently, this procedure has been used in 
T.ables III and IV to provide a rough measure of the probable degree of 
accuracy of the single assay values recorded. Although in some cases 
errors larger than those indicated can be expected, the satisfactory values 


T.un.n 11 

Vitnmiu Ih Content of Dried Yeast 


The v-ilucF .ire expressed in inicropr.'iins per pin. 

j Toul n-'iy value 


Trial No. 


L.taiti I S./^ercUt | S. carlsbcteentis 
StanclatJ u'ed 


Calculated content 



PyridoxAi 

HCl 

(A) 

Pyridoial 

HCl 

(5) 1 

Pyridox- 

amine 

2UCI 

(C) 

['yridoxal 
HCl or 

pyridoi* 

inc HCl 
(V) 

Pyridoi- 

amine 

2HC1 

(X) 

PytidoTal 

HCl 

(A) 

Pyridor- 

amlne 

2HCI 

(F) 

Pyri- 

doxine 

HCl 

(G) 

1 

4.9 

•12 

•11 

34 

•11 

4.9 

36 

-0.8 

2 

C.l 

50 

dO 

35 

43 

0.1 

43 

-6.3 

y 3 

•1.1 

50 

53 

37 

45 

4.1 

49 

—7.3 

.1 

S.l 

57 

•10 

37 

45 

5.1 

42 

-2.9 

5 

G.O 

•12 

•12 

38 

40 

0.0 

36 

2.2 

1 c 

•1.9 

51 

•14 

40 

51 

4.9 

40 

3.7 

Average ± s.c.m.*. 

.5.2 

±0.3.3 

— 

50 

±•1.0 

40 

±2.7 

38 

±1.4 

45 

±1.9 

5.2 

±0.33 

41 

±2.9 

-1.9 

±1.9 

•Average ±10% 
total assay value. 

5.2 

±0.5 


40 

±4.0 


45 

±4.5 

5.2 

±0.5 

41 

±5.0 

-2 

±4.5 


* Standard error of mean «= 
particular observation from the 
tions (10). 


"’here is the deviation of a 
arithmetic mean and n is the number of observa- 


obtained in recovery experiments (Tables I and Up show a req 
the values obtained are much more accurate than m ic^e . , 

Recoveries of Known Mixtures from Natural Samples— o es , . 

assay procedure, known mixtures of pyridoxal, pjo^i f^^^^if^rlrnlvzed as 
.teine ,vore added to natural materials ethieh yere then 
1 described above and assayed. Results were calcula e as e with 

I and are given, together with their posable variation, m^^^a^ amounts 

some exceptions, recoveries are surpnsmgly good, oases 

added are small in comparison to the total assay figure. In a few cases. 


Table III 

Recovery of Mixtures of Pyridoxal, Pyridoxamine, and Pyridoxins Added 
to Natural Products 



Total assay value 


• / S.faecalts , • Content 

casti *•> catUhtrgtMxs 


Amount recovered 


Standard used 


g: la S V g la S & a K & 


HCl HCl "2 WciS;2HcT HCl HCl 

HCl 

(A) (B) (C) (D) (C) (A) (F) (G) 


Wilson 1:20 hver 9.8 46 
powder 

Wilson 1:20 liver 19 148 

ponder + 
added vitamin 
Be 

Added vitamin Be 


y Ptf y per y per 
gm gm. gm. 

48 58 9.8 

±1.0 


±2 I ±15) ±27 


Cerogras 

“ + 
added vitamin 
Be 

Added vitamin Be 


2.7 7 . 


8.1 26 


12 16 2.7 

±0.3 

54 67 8.1 


5.4 

±0.81 ±31 ±7 


Dried Yeast I 


5.1 57 


“ “ 1 + 18 90 

added vitamin 
Be 

Added vitamin Be 


37 45 


74 88 


Dried Yeast 11 4.9 54 


“ “ II 

+ added vita- 
min Be 

Added vitamin Be 


9.7144 


my per my per' 

CC. liCC. I 

100 293 


“ + added 199 678 

vitamin Be 
Added vitamin Be 


40 51 


216 278 



l±20 l±6S I ±95l±20 I ±6S! ±95 
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c.g. pyridoxaDiino rccovcrj* from Dried Yeast 11, recoveries were less accu- 
rate than were expected. 


TAni.K IV 


P\iridnxal, Pi/ridoxaviiiie, and Pjiridoxinc Content of Some Natural Materials 



Pyridoial HCl 

Pyridoxaraine 

2HC! 

Pyridoiinc HCl 


7 fer £n. 

7 pC' jn. 

7 <’«'■ £«. 

Chick liver 

3S ±4 

40 ± 8 

0 ±10 

“ hc.wt 

S.O ±0.8 

12 ±2 

-1 ±2 

“ brc.ipt nniEclc 

37 ±4 

1 ±4 

8 ±6 

“ brain 

11 ± 1 

7 ±2 

3 ±3 

" kidnev 

30 ±3 

20 ±0 

-3 ±6 

Rat liver 

29 ±3 

9 ±4 

9 ±5 

“ heart 

1C ±2 

9 ±3 

1 ±3 

“ breast muscle 

22 ±2 

-1 ±2 

5 ±3 

" brain 

9.2 ±0.9 

4 ±3 

4 ±2 

“ kidney 

33 ±3 

13 ±5 

10 ±6 

“ spleen 

3.S ±0.4 

0.7 ±0.4 

-0.4 ± 0.5 

“ sarcoma 

2.3 -^0.2 

9 ± 1 

3 ±2 

Fresh hcpf livpr .... 


31 ±4 

-3 ±4 

Wilson 1:20 liver powder 

C.l ±0.0 

31 ±4 

15 ±5 

Liver concentrate, Sharp and Dohme 

IG ±2 

47 ±8 

6 d= 15 

Frozen fish 

10 ± 1 

22 ±3 

-1 ±3 

Dried vc.ast, brewers’ 

4.9 ±0.5 

30 ±4 

-1 ±4 

Fresh “ bakers’ 

7.5 ±0.8 

11 ±2 

0 ±2 

Dried PcfiicilliuTii mvcclium 

3.5 ±0.4 

9 ±1 

4 ±2 

Fresh whole milk, y per cc 

0.32 ±0.03 

0.09 ± 0.09 

-0.02 ± 0.05 

“ egg white 

0.19 ± 0.02 

0.14 ± 0.03 

0.39 ± 0.08 

“ " yolk 

11 ± 1 

4 ±2 

0 ±2 

“ whole egg 

5.6 ±0.6 

1.2 ±0.7 

0 ± 0.9 

Cerogras 

4.1 ±0.4 

2.5 ±0.7 

4.0 ± 1.0' 

Fresh celery 

7.8 ±0.8 

2.5 ±1.1 

9 ±2 

“ leaf lettuce 

12 ± 1 

— 1 ±2 

9 ±2 

" green pepper 

8.2 ±0.8 

53 ±6 

20 ±8 

Whole lemon 

3.0 ±0.3 

0.7 ±0.4 

10 ±2 

Fre.sh carrot 

2.1 ±0.2 

0.3 i 0.3 

7 ±1 

Whole wheat 

1.9 ±0.2 

3.7 ±0.4 

9 ±2 

Wheat germ 

0.87 ± 0.09 

0.7 ±0.2 

3.1 ± 0.7 

Split peas 

0.47 ± 0.05 

o.4y db 0. 1 

1.3 ± 0.3 

Yellow corn-meal 

1.4 ±0.1 

1.1 ±0.2 

0 ± 0.3 

Vitab 

1.9 ±0.2 

10 ±2 

79 ± 11 


■j YTien the method was applied to human urine, a negative 
I pyridoxine was found whose magnitude was considera,bly grea er an e 
expected error, even if it were assumed that no pyndoxme was ■ 

In this case, recoveries of added pyndoxal and pyiidoxamine were m 
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experimental error, while recoveiy of pyridoxine was low. These results 
indicate the presence in human urine of materials, toxic for Saccharomyces 
carlshcrgensis, which suppress the growth response of this organism to 
vitamin Be, but which do not affect the responses of Streptococcus faecalis 
or Lacidbadllus casei. 

Disiribuiion of Pyridoxal, Pyridoxaminc, and, Pyridoxins in Natural 
Materials — Results of assay of a variety of tissues and other natural mate- 
rials are given in Table IV. The vegetables, fish, meat, and dairy products 
were purchased in a local grocery. Chick and rat tissues were from experi- 
mental animals on stock rations, and were prepared for analysis immediately 
following death from decapitation or asph 5 rxiation. Tissues from four to 
six animals were pooled for assay. After homogenization in the Waring 
blendor, separate samples were taken for hydrolysis and for dry weight 
determinations. Values are expressed in terms of micrograms per gm. of 
drj’- material. 

Over 80 per cent of the vitamin Bs in all fresh animal tissues studied was 
present as p 3 n’ido.xal and pyrido.vamine. In most of these samples, pyri- 
doxal was the predominant form. In most cases, it was not possible to 
demonstrate the presence of any pyridoxine; if present at ail, it constitutes 
only a minor fraction of the total vitamin Bs of these tissues. With the 
exception of the fresh rat liver, pyridoxamine was the predominant form 
of the vitamin in all liver samples analyzed. Pyridoxal and pjTidoxamine 
were also the predominant forms of vitamin Be in frozen fish, fresh and dried 
yeast, Penicillium mycelium, millc, and eggs. Although pyrido.xal and 
pyridoxamine were also prominent in the plant products tested, it was evi- 
dent that pyridoxine was also present to a very significant extent. In this 
respect, the contrast between plant and animal products is quite clear. 
Vitab, an extract of rice bran, is very high in pyridoxine and low in pyridoxal 
and pyridoxamine. It is significant, therefore, that the only procedures 
for isolation of pyridoxine which have been described in detail utilized rice 
bran as a starting material. 


DISCUSSION 

Aside from microbiological procedures, only two methods, both physico- 
chemical, have been suggested for determination of pyi-idoxal, pyridox- 
amine, and pyridoxine. Neither of these has been adapted to assay of 
natural materials. 

The reaction of pyridoxine with diazotized sulfanilic acid was first con- 
sidered as an analjdical method for the determination of pjTido.xine by 
Kuhn and Low (11). Ormsby, Fisher, and Schlenk (12) have sho^vn that 
pyridoxal, pyridoxamine, and pyridoxine form derivatives with this reagent 
of differing colors, which can be differentiated spectroscopically. This reac- 
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(ion u^cd to dcmonplrfllo presence of both p3'ridoxal and pyridoxamine 
in a purified preparation of (ratisaminasc, Hopkins and Pennington (9), 
however, noted (hat (he colors produced witli (Ids reagent were transitory 
and lacked specificity. 

A method for determining pyridoxinc in the presence of p3'Tidoxal and 
pjTidoxamine has liecn developed by Melnick cl al. (3). This method is 
based on a reaction, first noted liy Stiller, Keresztes}', and Stevens (13), 
between pjTidoxinc and 2.r>-dichloroquinone chloroimide, later modified 
by Scudi, Bastedo, and Webb (M). The reaction does not offer a means 
of differentiating jijTidoxal from p.vridoxamine, however, and its specifieity 
when applied to natural material'^ is not known. 

Although satisfactorj" in principle, the method described in this paper 
has f^vcrc limitations which should be recognized. Since pj'ridoxamine 
and pj’ridoxine are not determined dircctl}’, but b}’ difference, the error 
involved in their determination is largcl3' dependent on the relative pro- 
portion of these sub«tanccs to the total vitamin Be of the sample, ^^'ith 
the pre.'^nt method, it is not possible to demonstrate with certainty the 
presence of pj'ridoxinc in a sample when less than 10 per cent of the total 
vitamin Be i" p.vridoxinc, and errors arc large even when more than this is 
present. This was the case with all animal tissues investigated. Likewise 
the present method docs not allow the determination of pyridoxamine in 
a .=ample in which the p.vridoxaminc constitutes less than 10 per cent of the 
sum of the p.vridoxal and pj'ridoxamine of the sample. Since pyiddoxal 
is determined dircctl}', its determination is quite satisfactory.- Unfortu- 
nately, no microorganisms are known which respond specifically to 
doxamine or pj-ridoxinc, so that their direct determination is not possi e. 
A direct determination of pj-ridoxamine could be obtained, however, y 
quantitatively destrojdng pj'rido.xal with acetone and alkali (1) an assaj 
ing the resulting mixture for pyridoxamine with Streptococcus Jaecaks. 
Assay of the same mixture with yeast would then provide a differential 
determination of p5’'ridoxine involving only two instead of t ree microor 


*The loose condensation products (Schiff's bases?), which 
amino acids and other amines, and the thiazolidine derivative orme • j 

(15, 10) may occur naturally. These products readily 

and like pyridoxal are fully active for Lactobacillus casei ( )• - • j 

sized (IG) that the transamination reaction between pyn oxa an heated (2 

• viously shown to occur when solutions containing these 
17), occurs also to some extent in the cold, and that figures for 
- of natural materials may hence be of doubtful significance. . „o,j,iitioas em- 

(7), however, that this reaction docs not occur under the ° f 
ployed in this investigation. It is also minimized or completely 

neutrality by use of dilute solutions. The pre^en^^^ 

therefore, should reflect accurately the amount of pyridoxal actually pre • 
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ganisms, which should be somewhat more accurate than the method used 
here. This refinement of the present procedure has not been generally 
applied as yet. For reliable microbiological estimates of the small amounts 
"of pju'idoxine present in animal and some other tissues, however, some pro- 
cedure for its separation from pyridoxal and pyridoxamine, such as that 
recently suggested by Winsten and Eigen (16), will be required, so that it 
can be estimated separately. 

The present findings confirm and expand previous indications (1, 6) that 
pyridoxine, if present at all, constitutes quantitatively a verj’’ minor portion 
of the vitamin Be of animal tissues and many other products. Despite this 
fact, and the fact that by no pre\dously applied method of analysis can 
the various forms of this vitamin be distinguished, numerous workers con- 
tinue to refer misleadingly and erroneously to the “p 3 n'idoxine" content of 
natural materials. If by pyridoxine is meant the specific chemical com- 
pound to which this name was given (18), it is evident that the pyridoxine 
content of such materials is unknown and is not determined by the methods 
used. If, on the other hand, pyridoxine is used as a group name to include 
all substances curative of vitamin Be deficiency in animals (including pyri- 
doxal and pyridoxamine (2, 19, 20)), then it obviously should not be used 
' also as the name for the specific compound, 2-methyl-3-hydroxy-4 , 5-bis- 
(hydroxymethyl)pyridine. 

The present confusion in nomenclature results from retention of the name 
“pyridoxine” as synonymous with “vitamin Be” and at the same time as a 
name for a specific compound. A more rational and less confusing notation 
would result if the term “pyridoxine” were reserved only for the specific 
compound and the term “vitamin Be” were used as a group name to include 
all three compounds. 


SUMMART 

A method for the differential determination of pyridoxal, pyrido.xamine, 
and pyridoxine in natural products is described. This method takes ad- 
vantage of differences in the specificity of response of Lactobacillus casei, 
Streptococcus faecalis, and Saccharomyces carlsbergensis to the different forms 
of vitamin Be. Although the principle of this method was suggested pre- 
viously (2), its application to the analysis of natural materials was possible 
only after further development of the three individual assay procedures 
involved and a clarification of the hydrolytic procedures used in the libera- 
tion of the vitamins from natural materials, where they occur largely in 
more complex forms unavailable to the microorganisms. 

Anal 5 ’^sis of known mixtures of the three compounds by the method de- 
scribed gave satisfactory results. With few exceptions, satisfactory recov- 
eries of the vitamins from natural materials were obtained. A significant 
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exception occurred in the ciisc of the rccovciy from urine, in which the 
amount of pyridoxine recovered was lower than could be accounted for by 
analytical errors. Limitations common to differential methods of this type 
are discussed. It is .shown that the accurac}'' of the figures for pyrido.xine 
depends upon the relative proportion of this substance to pyridoxal and 
pyridoxaminc. \Micn joyridoxinc comprises less than 10 per cent of the 
total vitamin Be, it cannot bo determined bj' this procedure. 

Aimlytical valuc.s for the pyridoxal, pj'ridoxamine, and pyridoxine con- 
tent of natural materials arc given. Pyridoxal and p 3 Tidoxamine were the 
predominant fonns of vitamin Be in hj'drolj'zcd animal tissues and yeasts, 
with onl\’ slight indications or none at all of the presence of pyridoxine in 
these samples. Pi'ridoxine was more evident in plant materials, in which 
it occurred in amounts as large or larger than those of pyridoxal and pyri- 
doxaminc. 
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A MICROBIOLOGICAL METHOD FOR THE DETERMINATION' 

OF ADENINE* 


By jay V. BECK 

{From Ihc Dcparlmcnt of liadcTioloQn, Pennsylvania Slate College, Stale College)- 
(Rcccivcd for publication, July 10, 1948) 


In spite of marked advances and high interest in purine and nucleic acid 
biochemistry in recent years (7), adequate methods in quantitative purine 
chcmistiy are still not available. At present there is no method suitable 
for the accurate estimation of adenine in mixtures of purines; a similar situ- 
ation exists for the other common purines, vuth the exception of uric acid.* 
The newlj* proposed chromatographic (9) and counter-current distribution 
(S) procedures, as well as the method of differential spectrophotometry (5), 
ma}’ prove valuable for the determination of purines in mixtures, but their 
usefulness has not as yet been demonstrated. The proposed use of a 
mutant strain of Nciirospora crassa has been shown to have little value for 
the estimation of purines in mixtures (G). Thus, the report that Clostridium 
acidiurici is able to bring about a fairly complete decomposition of guanine, 
'■anthine, and hj^poxanthinc, but not of adenine (1), led to the suggestion 
lat this highly specific bacterium may be useful for the quantitative esti- 
lation of this purine. 

This paper reports progress that has been made in developing a specific 
licrobiological method for the estimation of adenine. It is shovm that 
ighlj'’ accurate adenine determinations in purine mixtures are possible by 
le use of Clostridium acidiurici. The purine content of a commercial 
imple of yeast nucleic acid (ribonucleic acid) is also reported. 


Methods and Materials 


Heavy cell suspensions of Clostridium acidiurici (strain 9a) were pre- 
ared as previously described (1) with the exception that a medium con- 
fining 0.2 per cent uric acid and 0.02 per cent hypoxanthine was used for 
rowth of the organisms. Cells grown on this medium have a higher activ 
y towards hjpoxanthine than those grown on uric acid alone. Substrate 
ecompositions were carried out in small evacuated reaction vesse s or 


* Authorized for publication on July 12, 1948, as paper No. 1452 in the Journal 
2ries of the Pennsylvania Agricultural Experiment Station. This work was sup- 
irted in part by a research grant from the National Cancer Insti u e o e 
istitute of Health, United States Public Health Service. 

' Since adequate methods for uric acid are available and / 

moved from biological systems by action of uricase, it has no een 
lis paper. 
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Thunberg tubes. The total volume of cells plus substrate ranged from 4 to 
6 ml. Blank determinations on the substrate and cell suspension incubated 
separately were carried out and the indicated corrections were made to the 
analytical data. 

Ammonia, acetic acid, and carbon dixoide were determined as previously 
outlined. Acetic acid was identified by Duclaux distillation. 

Yeast nucleic acid (YNA) was hydrolyzed by the method of Graff and 
Maculla (2). It was found that complete liberation ■without decomposition 
of the purines was accomplished by heating at 100° with about 1 N HCl over 
a rather wide period of time (45 minutes to 2 hours). 1 gm. of YNA was 
dissolved in 10 ml. of 1 N HCl, heated to boiling for 1 hour, cooled, neu- 
tralized, and diluted to a volume of 100 ml. Aliquot portions of this solu- 
tion w'ere taken for further work. 

Free purines were isolated by the method of Hitchings and Fiske (4). 
This method is fast, and quantitative recovery (98 to 100 per cent) of free 
purines, -n^hether present singly’- or in mixtures, is regularly attained. 

The purines used were obtained from commercial sources and were found 
to contain 98 to 99 per cent of the theoretical N content. The yeast nucleic 
acid, also a commercial sample, had a nitrogen content of only 92 per cent 
of the theoretical value, based on the polytetranucleotide formula. No 
attempt was made to purify this material further. 

EXPERIMENTAL 

Clostridium acidiurici (strain 9a) was shown (1) to be able to carry out a 
fairly complete decomposition of xanthine, guanine, and bypo.xanthine, but 
to have little or no action on adenine. Work on these purine decomposi- 
tions has yielded data which are summarized in Table I. Ammonia, carbon 
dixoide, and acetic acid are shown to account for 91 to 97 per cent of the 
carbon and nitrogen of the purines decomposed. The values sho^vn are 
averages of a number of determinations made over a period of several years. 
The range of values is given to indicate the variation which may be expected 
in these determinations. The experimental error in the ammonia deter- 
minations as carried out in this -vv’ork is seen to be about ±2 per cent, for 
carbon dixoide about ±4 per cent, and some-what larger, ±8 to 9 per cent, 
for acetic acid. The conversion of purine N to NHa-N is seen to vary from 
93 to 97 per cent, with an average of 95 per cent. ' 

Ammonia production from adenine has not been detected- in these experi- 
ments. There is some volatile acid produced from adenine; although no 
attempt has been made to identify this acid, it may be e.xpected to consist 
of acetic acid. 

- Reported NHs production from adenine (1) has not been found in these more 
recent experiments. 
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Since these c,Npcrinients show a iicarl}' complete and constant conversion 
of xanthine, gnanine, or hMmxanthinc nitrogen to NHa-N, while no such 
reaction occurs with adenine, ammonia jmocluction b}' Closlridimn addiurid 
from mixtures of purines may be expected only from the former three 

TAtu.r, I 


Product!: of Arlioti of Cell Surpenrions of Cloalridiutn acidinrici on Purines 
The nverape values shown arc from five or more analyses. 


1 

Sut'* Irate* 

Proiluction per 100 moles substrate 

Per cent 

recovery 

Acetic &ciil 

[ Carbon 

1 dioxide 

Ammonia ' 

Nitrogen 

Carbon 

Xanthine, average 

nrUs 

1 

SO 1 

1 metes 

1 

1 279 

moles 

3S0 

95 

91 

" range 

SS-96 1 

27G-2SG 

3G&-384 

92-96 

90-96 

Guanine, average 

ss 

2SG 

4S5 

97 

91 

“ range 

79-S9 1 

279-303 

4GS-490 

95-98 

87-96 

llypoxanthinc, average ' 

no 

225 

371 

93 

91 

“ ranpe 1 

- m-120 , 

220-228 

360-376 1 

90-94 

88-94 

.\deninc, average | 

9t 1 

0 

1 

0 

1 

1 


• Quantities of substrate varied from 0.5 to 3 mg. of purine N. 
t Not identified as acetic acid. 


Tadix II 

Determination of Adenine Content of Mixtures of Purines 
4 ml. of substrate, 1 ml. of cell suspension, 1 ml. of phosphate buffer, pH 7.2. 
Incubated 14 hours at 35° in evacuated Thunberg tube. 


Tube No. 

Purine nitrogen taken 

Ammonia N 
found* 

Adenine N, 
by difference 

Adenine 

recoveretf 

Xanthine 

1 

1 Guanine 

Ilypoxan- 

tbinc 

Adenine 



mgm 


1 

mg. 

■Hi 

mg. 

per cent 

1 

;n 



0.563 


0.562 

100 

2 




0.563 


0.573 

102 

3 




0 

■IH 

-0.003 


4 

!!■ 

0 

0.395 

0.563 

Mmm 

0.576 

102 

5 

0 

0.521 

0.395 

0.563 

0.914 

0.655 

98 

6 

0.439 

0.521 

0.790 

0 

1.760 

-0.010 



* Corrected for average of 95 per cent recovery from purines. 


purines. A number of experiments have been carried on which demon- 
strate this to be the case. 

The results of one such experiment are summarized in Table II. A ce 
suspension of Clostridium addiurid was allowed to act on a solution con- 
taining the indieated mixture of purines at pH 7.2 for 14 hours at 35 
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Ammonia production was then determined. The ammonia production 
shown is a corrected value obtained by dividing the actual ammonia found 
by the factor 0.95, which is the average value for conversion of purine N 
shown in Table I. This introduces some slight error in those cases in which 
the decomposable purines are not present in approximately equal amounts. 
Adenine N is then calculated by subtracting the corrected NH 3 -N from the 
toW puijne N, v'hich is known in this experiment, or which may be deter- 
mined experimentallj’' as ivill be showm later. The data show that the 
adenine content of the mixtures as calculated from analytical values agrees 
satisfactorily with the loiown amoimt of adenine taken. The percentage 
recovery in the data presented here is 98 to 102 per cent, which is about the 
experimental error for the ammonia determination shown in Table I. 
Other data indicate that an accuracy of ±3 per cent may be expected. 


Table III 

Analysis of Purine Content of Yeast Nucleic Acid 
The values are per cent of yeast nucleic acid. 


j 

Total N 

Purine N 

jcuamne N (non-adenine 
j purine K) 

1 

Adenine N, 
bydiSerence 

Purines not 
isolated 

Purines 

isolated 

Theoretical values 

16.65 

15.09 

10.06* 

9.94 

5.03* j 
5.06 1 

5.03* 

4.95 

5.03* 

4.99 

Determined “ . . . . 


* Based on yeast nucleic acid N content of 15.09 per cent. 


It is obvious that application of this procedure to complex biological 
material depends on a separation of the purines from other nitrogenous 
substances in order to arrive at a true value of the purine N. A separation 
is necessary also because it has been shown that glycine and perhaps other 
nitrogenous compounds are decomposed by Clostridmm acidiurici with 
ammonia production m the presence of purines ( 1 ). The method of Hitch- 
ings and Fiske has been found to be a satisfactorj'- means of separating free 
purines and of producing a solution of the purines suitable for decomposition 
by cell suspensions of Clostridium acidiurici. 

The data presented in Table III illustrate the use of cell suspensions of 
Clostridium acidiurici in the determination of the purine content of J'east 
nucleic acid. Total N was determined on an aliquot of the unhydrolyzed 
sample. Free purines were isolated from the hydrolyzed sample, and sub- 
jected to total N determination and to action of cell suspensions of Clos- 
tridium acidiurici. The hydrolyzed sample was also treated with cell 
suspensions before isolation of the free purine.s. Ammonia N was deter- 
mined on the samples subjected to action of the bacterial cells. 
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The results show that the iniriuc N is very nearly that expected from 
consideration of the total content of 15.09 per cent and the theoretical 
polytotr.anuclcotidc formula for j-oast nucleic (ribonucleic) acid. The total 
purine X detennined on the isolated purine fraction is found to be 9.94 per 
cent, as comp.ared with a theoretical value of lO.OG per cent. The adenine 
X content mensured by the non-dccompo'^able purine N is shonm to be 
4.99 per cent as comiiarcd with a theoretical value of 5.03 per cent. The 
decomposable purine X, presumably gu.aninc as will be sho^^^l later, is 
4.95 per cent, theoretical value 5.03 per cent. A similar value for guanine 
X in the hydrolyzed but not .separated purine fraction is seen to be 5.06 per 
cent. The series of values reported in Table III are from a single analysis. 
However, almost identical values have been obtained in three additional 
complete analyses as well as several other partially complete analyses. 

Tabu; IV 


Itirniificalion oj Dccoinpo’iahlc Portion of Ycasl Nucleic Acid 
The v.alucs .arc .averages ot five or more analyses; the range of values is shown in 
parentheses. 


Suhsirate 

Carbon dioxide 
produced* 

1 

Acetic acid 
produced* 

Hydrolyzed YX.\, purines not isolated 

57 (53-62) 

19 (18-21) 

Purines isolated from YX.\ . . 

5C (55-57) 

16 (15-17) 

Guaninef 

59 

17 

Xanthinct 

73 

1 23 

Ilypoxanthinct 

61 

31 


* Based on NIIj production as 100. 
t Calculated from average values shown in Table I. 


Identification of the decomposable purine fraction is made possible by 
consideration of the quantities of acetic acid and carbon choxide formed 
during the dissimilation process. The values for acetic acid and. carbon 
dioxide production from loioum samples of the three labile purines are 
shown in Table IV calculated to the basis of ammonia production equal to 
100 from the data in Table I. These values may be compared with sunilar 
values found on analysis of fermented purines from yeast nucleic • 
The values for the decomposable portion of the purines of yeast nuc ew aci 
are slightly lower than the values for pure guanine, but are widely ditierent 
from the values for xanthine or for hypoxanthine. 

Some preliminary work has been done to determine the e ec m ana 
lytical results of additions of purines to YNA before by ro ysis. Quan i 
tative recoveries of such added purines in the purine N ractions we een 
achieved. Indications are that quantities of added purme w c are 
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less than 5 per cent of the total purine N in the sample will not affect the 
acetic acid and carbon dioxide values enough to be detected. Presence of 
added hypoxanthine is most easily detected due to the greater relative acid 
production, as seen in Table IV. 

DISCUSSION 

The specificity of Clostridium acidiurici makes possible a quantitative 
separation of adenine from other commonly occurring purines. A method 
for the estimation of adenine has been developed in which the non-decom- 
posable purine N is assumed to be adenine N. This assumption is valid 
in most instances because most biological systems contain only common 
purines (uric acid, xanthine, guanine, hypoxanthine, and adenine). How- 
ever, in some cases, large amounts of purities or purine derivatives are 
present which are precipitable as cuprous complexes and which are non- 
decomposable bj'' Clostridium acidiurici. Therefore, general specificity of 
the method for adenine cannot be claimed. In spite of this, it is believed 
that the method has value in purine chemistr 3 \ Further work is being 
done on chemical and microbiological means for the identification of 
adenine in the non-decomposable fraction of purine mixtures. 

Identification of decomposable purines when present singly or in binary 
• ; mixtures with adenine is made possible by determination of the ratios of 
ammonia, carbon dioxide, and acetic acid produced. The ammonia pro- 
duction is a measure of the quantity of such purine decomposition. 
Attempts have been made to estimate amounts and identities of three 
decomposable purines in mixtures by use of simultaneous equations. But 
the magnitude of experimental errors showm in Table I is too large for such 
a method to be successfully employed. The existence of mixtures of decom- 
posable purines can be detected if appreciable quantities of all components 
are present, but the identification of the individual purines is not yet 
possible. 

GuUand (3) has found the ratio of purine IST to pyrimidine N in ribo- 
nucleic acid to be 1.86 instead of 2.00 which is predicted bj' the tetranucleo- 
tide formula. From the data given in Table III the purine N to pyrimidine 
ratio of the yeast nucleic acid studied maj’^ be calculated to be 1.93. 
However, since any loss of purine N increases the value for pjorimidine IS , 
it is believed that the difference in ratio between 1.93 and 2.00 is well within 
the experimental error for this determination. The quantities of guanine 
N and non-decomposable purine N (presumablj’- adenine) are also equal 
within experimental error. The data thus support the polytetranucleotide 
form ula for yeast nucleic (ribonucleic) acid. 

^ Pyrimidine N calculated as the difference between total N and purine N. 
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SUMMAUY 

1. A microbiological method for the estimation of adenine in the presence 
of other commonly occurring purines is presented. The method is based 
on the specificity of CIoFiridium acidiurki. 

2. Determination and identification of other common purines in binary 
mixtures with adenine is possible by this procedure. 

3. The purine content of a commercial sample of yeast nucleic acid is 
found to agree very well with the polytetranuclcotide formula. 
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equipped with the Lougsworth schlieren scanning device with univalent 
buffers at an ionic strength of 0.1. Most of the observations were made 
at a protein concentration of about 1 per cent except in the region of the 



Fig. 1. Descending patterns obtained on electrophoresis of human y-globulins. 
The protein concentration was about 1.0 per cent, e.\'cept for B (0.3 per cent) and D 
(0.4 per cent). The photographs were taken at 250 minutes, with the exception of 
B, which was taken at 167 minutes. The II-3 globulin is shown in A, veronal buffer, 
pH 8.35; in B, cacodylate, pH 7.25; in C, acetate, pH 5.14; and in D, acetate, pH 3.43. 
The 11-1,2 globulin is shown in E, veronal, pH 8.47; in F, cacodylate, pH 6.79; in 6, 
acetate, pH 4.15; and in H, acetate, pH 3.44. 


isoelectric point of the II-3 globulin, where its insolubility necessitated tie 
use of lower concentrations. Some of the patterns which were obtained 
are shovui in Pig. 1. 
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Wc were unable to delecl tbc presence of anj' other serum, proteins in 
these prejiarations. However, some of the patterns show greater s3'm- 
metrical spreading than would be expected for clectrophoretically homo- 
geneous particles. It is also evident that the patterns obtained at acid pH 
values are not symmetrical, giving further indication of the inhomogeneity 
of these T-globulins. The electrophoretic properties of human 7-globulins 
have also been recently studied by Alberty (9). 

In Fig. 2 the electrophoretic mobilities are shown as a function of pH for 
both of the T-globulins as obtained from descending migrations at an ionic 
strength of O.I. The apparent isoelectric point of the II-l ,2 fraction is at 



Fig. 2. Electrophoretic mobility as a function of pH for human 7 -globulins 11-1,2 
and II-3. All of the mensuremonts were determined from descending migrations at 
I” in univalent buffers nt an ionic strength of 0.1. The pH measuremen s were ma 
with a glass electrode at 25°. 


pH 7.3 and of the II-3 fraction at pH 6.85. These values are consistent 
with the previously recorded differences in the basic ammo acid content 

Humlny-^obulins prepared by alcohol fractionation met^ds have been 
found to be inhomogeneous in the ultracentrifuge (10). e rat e m 
some studies wdth the preparations used in this mves iga ^ 
'obtained results that are in agreement with previous 
11-1,2 and II-3 preparations contain about 75 per cent 
with Sm about 6.5 to 7.0 Svedberg units, and 25 per 0 g _ ^ 

heavier material \Yhicli sediments over a range o a ou 
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units. No material lighter than the principal component was found ir 
either preparation. Observations were made on 1 per cent protein solu- 
tions in 0.15 M NaCl at pH 7.0 or in 0.1 m veronal buffer at pH 8.5. The 
instrument was the electrically driven ultracentrifuge manufactured by 
the Specialized Instruments Corporation of Belmont, California. 

Immunological Observations 

Material and Methods — Female rabbits were immunized with alum 
precipitated suspensions of 7 -globulin fractions 11-1,2 and H-3. Tb 
animals received 0.5 to 2.0 mg. of antigen intravenously four times a weel 
for 4 to 6 weeks. For the quantitative precipitin determinations, 0.5 ml 
of heat-inactivated antisera (56° for 30 minutes) was placed in a 10 ml 
centrifuge tube. Antigen in 0.5 ml. of 0.15 m NaCl was then added, th 
fluid was mixed thoroughly, and kept at 4° for 48 hours. The precipitat 
was centrifuged for 30 minutes at 2000 r.p.m. with a maximum temperaturf 
of 7° in the tube. The sediment was drained and then washed with 3.0 ml 
of chilled 0.15 m NaCl. This was immediately centrifuged and agaii 
drained.^ The protein content of the precipitate was determined by th( 
tyrosine method described by Heidelberger and MacPherson ( 11 ). Th( 
standard tyrosine curve was constructed from spectrophotometric measure 
ments of 7 -globulin II-l ,2 in Imown quantities, as determined by a micro 
Kjeldahl technique. Values for antigen are expressed as mg. of proien 
per ml. of fluid. The protein content of the precipitate, in mg., represent! 
the quantity produced by addition of 1 ml. of antiserum to 1 ml. of antigen 
For estimation of the 7 -globulin content of human serum by the immuno 
logical technique, it was necessary to dilute the serum 1:30 to 1:250 befon 
addition of the standardized antiserum. The supernatants always con 
tained an excess of antibody. Duplicate determinations of the proteir 
content of the precipitate were performed. 

Immunological Hoinogeneity of y-Globidins — In Table I the quantitative 
estimation of the precipitate formed by addition of varying quantities of 
fractions 11-1,2 and H-3 to their homologous antisera is presented. The 
supernatant fluid was examined for presence of excess of antigen by addi- 
tion of antiserum and for excess of antibody by addition of antigen. Table 
I also includes the calculated values for the antibody expected from the 
quantity of antigen added, with Equations 3 and 6 of Heidelberger and 
Kendall (5). Equation 3 may be expressed: (Ab/An) = {2B — B~/A{An)) 

' We have found that a single washing of the precipitate is sufficient to remove the 
proteins of the supernatant fluid under the conditions specified when the volume 0 
wash fluid is extremely high as compared to the minute quantity of precipitate, m 
tests where an additional washing was performed, only a negligible color reaction was 
given by the wash fluid. 
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where Ah is antibody and .-In is antigen in mg. .-1 represents the total 
units of reactive antibody in the sj'stcm and R represents the value for 
Ah/ An at the zone of equivalence, where there is no free antigen or antibody 
in the sj-stem. By plot t ing the experimentally obsen'ed values for Ab/An 
against .-In, a straight lino is obtained for pure antigens. The intercept of 
the line on the ordinate equals 27? and the slope is represented by —R^/A. 
From these values, it is possible to calculate the amount of antibody which 
may be obtained by the addition of a known quantity of antigen. 


Tatu-t; I 


Quanlifntivc Prreipitotion Data vith Homologous Antigen and Antibody of Human 

-GlohuUn 


Asiifta 

No. 

ATT.Wst tl 
actirca 

i 

Total ppt. 

Antibody 

Antibody 

Supernatant 

1 

Obicn-cd 



Antigen 

Antibody 

Calcu- 

lated 

(Equation 

Calcu- 

lated 

(Equation 

6) 

antigen 

observed 


wr. 

nf. i 

nr. 

n^. 1 





11-1,2 

0.10 

1.0 

0.9 

0.9 


8.7 

4-i- 

- 


0.30 

2.5 

0 o 

2.3 1 


7.3 

4+ 

— 


0.50 

4.1 

3.0 

3.5 


7.2 

4-f 

— 


O.CO 

4.4 

3.8 



C.3 

4-1- 

— 


0.75 


4.9 

4.5 

4.4 

G.4 

4-f 

— 


0.85 




4.8 

5.7 

+ 

— 


0.95 


4.9 


4.9 

5.2 

— 



1.05 


4.0 




— 

+ 

11-3 

0.10 


0.9 

0.9 

0.9 

9.0 

44- 



0.20 

1.7 

1.5 

' 1.0 

1.0 

7.0 

4-1- 



0.30 

2.3 

2.0 

0 0 

2.1 

0.7 

4-1- 

— 


0.40 

3.0 

2.0 

1 2.0 

2.G 

G.5 

4-t- 

— 


0.50 

3.0 

3.1 

1 3.0 

2.9 

0.2 

1“ 

— 


O.CO 


3.2 

' 3.2 

3.2 

5.3 


— 


O.CO* 


3.4 

3.2 

3.2 

5.7 

+ 



0.70* 


3.7 


3.4 

5.2 

— 



i o.so* 

IB 

4.0 


i 



-f 


* Serum + antigen stood 90 hours instead of 48 hours in the cold. 


Equation G is expressed as follows: Ah/ An = SR” 2[(E YAi^A] . 
The symbols have the same meaning as in the previous equation. qua 
iions 3 and G are valid only in the region of antibody excess. It will be 
observed that the calculated values obtained from 
insistent with the observed values for both the 11-1,2 and I go 
ii’ith the homologous antisera (Table I). The same res ts were o ame 
‘v-ith four different antisera to 11-1,2 globulin and three antisera to 11-d 
dobulin. 
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7 -globulin antiserum was estimated for fifteen normal human sera. ”1 
values ranged from 1.02 to 2.29 gm. per 100 ml. of sera (13 to 32 per cent 
the total serum protein). The mean value was 1.74 gm. or 24 per c( 
of the total serum protein. The corresponding electrophoretic values 
the total 7 -globulin in the fifteen sera ranged from 0.30 to 1.25 gm. j 



in per cent 

Fig. 4, Electrophoretic estimation of serum y-globulin as compared with the ir 
munological values. The results are expressed as per cent of the total serum protei 
O, abnormal sera, •, normal sera. The line indicates the theoretical expectatic 
if the two methods give concordant results. The electrophoretic estimations we 
made at 1.5 per cent protein concentration from descending migrations in veron 
buffer at pH 8.4 to 8.6 for 250 minutes. The values are the sum of both yi and ' 
•components. 


100 ml. of serum (4 to 17 per cent of the total serum protein). The mea 
value was 13 per cent or 0.90 gm. per 100 ml. In Fig. 4, comparativ 
immunological and electrophoretic estimations for 7 -globulin, expressed a 
per cent of total serum protein, are given for fifteen normal sera Sfid fo 
nine abnormal sera. It will be noted that the results for 7 -globulin ob 
tained immimologically are considerably lugher than the electrophoreti 
•cally determined values for 7 -globulin. In fact, there appears to b 
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Although the material -which cross-reacts immunologically with v 
globulin is still unlinowm, certain of its characteristics can be descriy. 
It is not albumin since our antisera did not react with human albumin. 
Therefore, the substance must be present in one of the globulin fraction;. 
In some of the sera, it is present in larger amounts than the electrophoreti- 
cally estimated 7 -globulin, and must constitute a large part of the a- ci 
/S-globulms. 

The apparent cross-reaction between 7 -globulin antisera and some other 
component of human serum is not the first instance in which this has been 
found. Treffers, Moore, and Heidelberger (17) demonstrated that hors 
^-globulin can react with antisera to horse 7 -globulin. Although the 
human 7 -globulins apparently contain most of the kno-wn antibodies to 
disease (13), there is evidence that the T- and 7 -globulins of the horse (IS) 
and the cow^ do not possess all of the antibody activities found in the sen 
of hyperhnmunized animals of these species. Our finding that protein 
immunologically related to 7 -globulin occurs in the a- or j 3 -globulins suggests 
that this related protein also may be capable of possessing antibody ac- 
tivity in the human. 


SUMMARY 

1 . The human 7 -globulin fractions 11-1,2 and II-3 possess isoelectric 
points at pH 7.3 and 6.85, respectively. Although no other serum con- 
stituents could be detected electrophoretically in these fractions, hot 
show some evidence of electrical inhomogeneity. Likevdse, neither fraction 
is homogeneous in the ultracentrifuge. 

2. Both 7 -globulins (11-1,2 and II-3) behave as homogeneous antigens 
towards rabbit antisera, thus providing additional evidence that the par 
tides of different electrophoretic mobility and size are truly 

The two fractions appear to be immunologically equivalent in spite 0 ei 
known differences in other properties. , 

3. Antisera to human 7 -globulin react -with some additional, an as y 
unidentified, globulin component of human serum. This ydelds 

high values for immunologically determined 7-globulin when compa 
with the electrophoretic estimations. 
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la determining the nutritional value of various protein preparations in 
the wL. in tcL ot nitrogen bainnee and E-vtlr respo^e r oceur«d 
to US that these results would gain in significance if the 
proteins excreted under the various regimens were Icnowm ^t^ugh^ 
clear from the literature that the amount and composition of the fecal tat 
am to a large extent independent of the dietaiy fat (1), we were unable to 
find any S eWdence on the effect of dietary proteins on 
of the L\ proteins (2). The attempt to assess the 
ship raised the problem (a) of finding a suitable mertiod 

tive determination of fecal proteins and (6) ° qualitative or 

of these proteins for amino acid analysis. estimation 

indirect quantitative (3) procedures have been employed for the estimatio 

I °'S rntibor of preliminaiy experiments n-e 

-tein could be determined pH^e 0 from an aUcaline ethanol 

the proteins precipitated The analytical adequacy 

extract of an aqueous homogenate of t „ar.r>vprv tests and by its 

of this technique was further demonstra e ^ Application of the 

failure to measure proteii^ of the , r ’ ranging from 

method to the stools of ten infants on va«ous^ i ^ ^ 

1 to 16 weeks revealed that an average ■ P mean value are 

from the protein moiety and that fluctuations from this mean 

spontaneous and not related to the diet. . • r +v,e an alytical pro- 

Analy.sesof fecal proteins isolated byamod^^^^^^^^ 

cedure from the stools of these infants isc .(^.hole milk proteins, 

position of these products was unaffected by the use ^ 

casein-, tryptophan-, isoleucine-, or lysine absence of bacterial 

nitrogen component of the diet. ° ^{^ormity of amino acid pa,ttern 

bodies from the protein fraction, and ^ ^ fraction is 

of the different fecal protein specimens of the intes- 

not derived from residues of the dietary N or rom the 
tinal bacteria, but from definite intestinal sec 
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EXPERIMENTAL 

Exploratoiy tests disclosed that the fecal protein could be isoelectrically 
precipitated from the alkaline alcoholic extracts bj’’ adjustment of the pH 
to 6.0 ± 0.1 with HCl, H2SO4, or trichloroacetic acid. The isoelectric 
point of this protein is to be compared with that of casein, 4.6, and lactal- 
bumin, 4.5 to 5.5 (4). The protein can also be precipitated by half satura- 
tion of the extract at pH 7.0 with ammonium sulfate. The negative Exton, 
biuret, and trichloroacetic acid tests, given by filtrates from the isoelectric 
or salt precipitation of the protein, indicated that either of these two pro- 
cedures could be employed in the quantitative measurement of the fecal 
protein N. 

Determination of Fecal Protein N — 24 hour stools were collected in wide 
mouth preserving jars containing 40 cc. of 70 per cent ethyl alcohol. Prior 
to removing samples for analysis the volume of the mixture was adjusted 
to 200 cc. with water and homogenized with a mechanical stirrer. (5 day 
pools were collected in 200 cc. of 70 per cent ethanol and made to 1 liter 
with w'ater before analysis.) To duplicate 10 cc. aliquots of the homog- 
enate, which were transferred into 40 cc. graduated centrifuge tubes by 
means of a wide tipped Mohr pipette, were added 1 cc. of 10 per cent NaOF 
and 95 per cent ethanol to the 20 cc. mark. These specimens were the! 
stirred mechanically for 5 minutes with an air-driven stirrer and centri 
fuged for 10 minutes at 3000 r.p.m. A clear supernatant fluid was usuall: 
obtained; if it remained cloudy it was clarified by filtering through flute! 
Whatman paper No. 12. To 10 cc. aliquots of the clear fluid in 15 cc 
centrifuge tubes were added 5 drops of brom-cresol purple indicator (O.OI 
per cent alcoholic solution) and the pH adjusted to 6.0 with 40 per cen 
trichloroacetic acid (about 0.7 cc. is required). The reaction mixture wa. 
stored in the refrigerator for 30 minutes and then centrifuged. The super 
natant fluid was discarded and the precipitated protein was washed b] 
resuspension in 5 cc. of cold 5 per cent trichloroacetic acid, centrifugation 
and decantation of the supernatant fluid. The washed protein precipitate: 
were then transferred quantitatively to 100 cc. Kjeldahl flasks with tb! 
aid of a minimum amount of water and the nitrogen content was deter 
mined by the micro-Kjeldahl procedure of Meeker and Wagner (5). 1 * 
analytical adequacy of the single extraction was demonstrated by the a 
sence of protein in a second alkaline alcohol extract of the fiiBt e.xtractioi 
residues. The total N of the stool suspension was detei’inined by d'r® 
micro-Kjeldahl analysis of 10 cc. aliquots of the homogenate. 

Isolation and Analysis of Fecal Protein — In order to avoid contaffliM 
tion of the fecal protein by residues of a previous dietary regimeri, | 
various diets were fed for 2 or more successive weeks and the fecal pro ■ 
isolated from the feces collected during the last week of the diet pen 
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\liquots of the 5 (l:iy pools of two or three infants, sufficient to make a 
total volume of 2 liters, were employed for each preparation. These sam- 
ples were combintxl in a 5 liter round bottom flask and treated as described 
above with a proportionate increase of all the reagents. The final reaction 
mixture was stored overnight in a refrigerator at 4°. The precipitated 
protein was collected by decantation of the supernatant liquid, purified by 
electrodialysis, collected by centrifugation, and granulated by successive 
suspension in 50, 75, and 95 per cent acetone. This Pi'oduct was dned 
in a stream of compressed air and then in a 37° oven for -4 hours. The 
total X, moisture, and ash contents of each sample were determined. 

Subsequentlv acid and alkaline hydrolysates of these proteins ivere pie- 
pared. The alkaline hydroly.sate was employed for the determinatio 
of trj'ptophan bv the procedure described by Albaiiese and Franlvston ( ). 
The other amino acids were determined in Mro^y^jtes P^fP^ed by i^ 
fluxiiv' 1.5 gm. of the proteins with 10 cc. of 6 x HCl " v ' • „ 
total X content of the hydrolysate was determined 
Kieldahl analysis; then the e.xcess of acid was removed by 
in vacuo and the humin was separated by filtration, ^he volume of h 
filtrate was adjusted to 50 cc. and appropriate samples \\ere rem 

the various amino acid analyses. _ t!tudv 

Metabolism Experiments-The fecal specimens employed m this^st dy 

\ were collected from normal healthy male mans v , , , qq 
' various diets in five feedings daily at the rate of 

(perldlootbodywcish.au;loOO,nsora»c^ 
of oleum percomorphum daily. 1 he diet p -Hprl on week-ends to 

apd coa-iutive, but excreta collections were 

avoid complications which mieht arise from the contmued uj of re^m 
The subieL were immobilised by specLens 

designed to hold the urinary achrptem m place- HCl 

were collected in bottles containing 10 cc. P 

and 1 cc. of 10 per cent alcoholic thymol. p^novatino- dishes which 
The feces were collected in 19 cm. and the 

were held in place by a properly shaped | period in jars 

daily stools were accumulated subjects were weighed 

containing 200 cc. of 70 per cent ethanol, me su j 

■ daily during the course of *be mvestigatiom approximately 100 

^ The synthetic diets fed in this expeiim ^ jiaj-^ibution in all instances 
calories per 100 gm., the percentage ca composition of 

I being as follows: protein tL evaporated milk formula em- 

\ the synthetic diets is shown in following composi- 

^ '' ployed in the control experiments (.i =vruD 6 cc. (17.7 calories), 

/ tion: evnnornted milk 40 CC. (55.3 calories), corn syrup 
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water 54 cc. This supplied approximately 73 calories per 100 cc. and the 
nitrogen content of each batch was controlled by micro-Kjeldahl analysis. 

The data on nitrogen retention were calculated from the results of nitro- 
gen determinations of the 24 hour urine collections, analysis of the pooled 
feces for each period, and from computation of the daily nitrogen intahe 

Table I 

Coniposilion of Diets 

All diets were fed at the rate of 100 calories and 3.5 gm. of protein (N X 6.25) per 
kilo of body weight. 



1 

1 


Diets 




Casein j 

Gluten 

TH 

CTH 

BHb 


cm. ‘ 

£m. 


fim. 

I«. 

Casein (Sheffield) 

3.5 

0 

■ 0 

0 

0 

Gluten (Interchemical) 

0 

3.5 

0 

0 

0 

Acid-hydrolyzed casein* 

0 

0 

3.5 

3.4 

0 

“ beef hemoglobin 

0 

0 

0 

0 

3.4 

L-Tryptophan 

0 

0 

( 0 

0.06' 

0.06 

x-Cystine 

0 

0 

1 0 

0.61 

0.01 

Brewers’ yeast 

1.0 

1.0 

1 1.0 

i 1.0 

1.0 

Olive oil 

4.0 

4.0 

t 4.0 

1 4.0 

4.0 

Dextri-Maltose No. 2t 

9.6 

9.6 

9.6 

9.6 

9.6 

Arrowroot starch 

2.3 

2.3 

2.3 

2.3 

2.3 

Salt mi.xturej 

1.6 

1.6 

1.6 

1.6 

1.6 

Water 

78.0 

78.0 

78.0 

78.0 

78.0 

Total 





100.0 




m|. 

mg. 


Estimated content of deficient amino acid . . 


1 52 

6 

59 







^^9 


* N X 6.25 = gm. of protein, 
t Kindly supplied by Mead Johnson and Company. 

t The salt mixture employed had the following composition (measured in gm-/- 
FeSOi 0.9, NaCI 6, calcium gluconate 48, Ca(OH) 3 12 , KHjPOj 7, KCl 6, MgO O.L 

based on food consumption records and the known nitrogen content of th® 
diets. 


Results 

The efficacy of the analytical procedure described previously was ev^U‘ 
ated by recovery tests in which various biological products were addea 
the fecal homogenates. It is clear from these e.xperiments (Table 
that the quantitative isoelectric precipitation of fecal protein is not i 
enced by the presence of the proteins of cow’s milk or human 
non-protein nitrogenous substances, or the nitrogen of bacterial booses- 
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1 oer cent of ammonia with a mean of 0.93 mg. per emt, but by 

f thl iLrval between decapitation and fcdng in liquid air lower 

tion. 

Table V 

./ «»■ Sr«» W ^ 

after Decapitation 

I. ..ri.3 (.) y.c.t «M .1 30 la « am ware r^ 

1 minute in nitrogen containing 5 P^r cent , figures should be com- 

the heads were frozen after 1 second. T decaoitated rats. In sene 

pared with the mean of 0.47 mg. per cent for n > ^ ^ yajyino 

(b) the heads of rats of 200 to 300 gm. were transferred to liquid 
times after decapitation. The heads were kept at 37 . 


Rat No. 


1 

2 

3 

4 

5 


Mean.. 


Anoaia 


Brain 

ammonia 


Blood 

ammoQii 


|(»g. per cent 

0.64 
0.96 
0.74 
0.54 
1.18 


|ms. per cent 
0.46 
0.80 

0.65 
0.16 


Remarks 


Strong convulsions 
Slight tremors 
Brief convulsion 
P recon vulsive 


Rat No. 


0.81 


0.52 


6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


Time 
after de- 
capitation 


5 , 

4 

1 

U 

2 

3 

4 

4 

5 
10 
15 
30 


Brato 

annaosii 

0.29 

0.33 

0.62 

0.86 

0.77 

0.76 

1.05 

0.92 

0.94 

0.92 

1.01 


Effect of Anoxia— Rats kept for 1 minute in a ammoma 

trogen with 5 per cent CO 2 showed a marked increase m e 
content (Table V); this was observed in animals which m 
Q.nrl also in rats which had not had convulsions but were 
vulsive state. It is known that anoxia causes an increase in 

monia level (18) and this may account for a part of t e a 
anoxia in the brain; but it is likely that the blood amm coined 

the brain and other tissues rather than that the tissue 
from the blood. 
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Ejffccl of Narcosis — Rats anesthetized for 30 minutes or longer with nem- 
butal showed a marked fall in the brain ammonia content, the mean level 
for young rats killed by inunersion in liquid air being 0.06 mg. per cent of 
ammonia. The figures, which are listed in Table VT, give evidence that 
the brain aninronia depends on the duration of the narcosis, for two .ani- 
mals anesthetized for shorter periods of 10 and 17 minutes showed no sig- 
nificant change from the normal. This may be the explanation of the 

T.^.dle VI 

Ejfcci ,oJ Nciiihulal Xarcosis on Ammonia and Glutamine Content of Rat Brain 


The brain .ammonia figures sliould be compared with the mean of 0.47 mg. per cent 
for nonn.al, decapitated rats and 0.2S mg. percent for normal rats killed by immersion 
in liquid air. 


Rat No. 

Weight ot rat 

Method of killing 

Duration of 
narcosis 

Brain 

ammonia 

Brain 

glutamine 


im. 


min. 

me. ter cent 

fnS‘ per cent 

1 

200-300 

Decapitation 

30 

0.15 

86 

2 

200-300 

it 

30 

0.26 

84 

3 

200-300 

it 

55 

0.13 

79 

4 

200-300 

it 

65 

0.23 

S3 

Mean 



1 

0.10 

83 

5 

35-10 

Liquid air 

30 

0.05 

SO 

G 

35-40 

(( <i 

1 

45 

0.06 


7 

35-40 

1 ti tt 

70 

0.15 


8 

35-40 

it if 

80 

0.02 


0 

35-40 

ti ti 

90 

0.01 



0.06 





10 

35-40 

Liquid air 

10 

0.29 

72 

11 

35-40 

It It 

17 

0.23 

95 


negative findings of Billow and Holmes (1), who found that narcosis had 
no effect on the brain ammonia level. 

Effect of Electrical Stimulation — Electrical stimulation of the brain was 
carried out with stainless steel electrodes of 0.25 sq. cm. area, which were 
applied to the scalp 0.5 cm. posterior to the eyes. Contact was obtained 
by cutting the fur in this region with sharp scissors and appl^g electrode 
jelly. The current used was 50 cycles a.c. at 40 volts. Stimulation for 
1 to 3 seconds produced a satisfactory convulsion after the usual latent 
period of about 10 seconds. The procedure was similar to that used m 
the “electroshock” treatment of psychiatric patients. In the experiments 
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listed in. Table VII the rats were sacrificed while undergoing strong con- 
vulsions and the figures showed a brain ammonia content above the normal. 

Brain Ammonia in Preconvulsive State — ^The experiments on stimulation 
by anoxia showed a rise in the brain ammonia level in the preconvulsive 
state, before the onset of convulsions, which suggested that the rise in 
brain ammonia might be associated with the increased cerebral irritability 
rather than with the actual convulsions. The further e.xperiments given 
in Table VIII confirmed this impression, showing a clear rise in the brain 

Table VII 

Ammonia Content of Rat Brain during Convulsions Induced (a) by Electrical 
Stimulation and (b) by Injection of Ammonium Chloride 
The rats were killed by immersion in liquid air or decapitation on the first strong 
convulsion. The heads of decapitated rats were transferred to liquid air in 1 second. 
The ammonia content of controls killed by liquid air was 0.27 and killed by decapita- 
tion 0.47 mg. per cent. Ammonium chloride convulsions were induced by intra-' 
peritoneal injection of 1.2 ml. of 20 per cent NH4CI. 


Convulsions 

Rat 

No. 

Weight 
of rat 

Method of killing 

Duration i 
oi shock 

1 

Brain 

ammonia 

Brain 

glutamine 

Blood 

ammonis 

Electric shock ^ 

1 

1 

1 

2 

3 

4 

5 

6 

gni. 

35-40 

35-40 

200-300 

200-300 

200-300 

200 - 300 ’ 

1 

j 

Liquid air 
(( (( ! 

Decapitation 

(( 

(( 

(( 

1 

see. 

2 

3 

1 

1 

3 

3 

mg. 

per cent 

0.40 

0.49 

0.58 

0.75 

0.78 

0.94 

ms. 

per cent 

86 

76 

79 

82 

per cent 

1.42 

0.69 

Mean, decanitated rats onlv . . 



0.76 











Ammonium 


200-300 

Decapitation 

1 

S.O 

70 

S.3 

chloride 


200-300 

200-300 

tc 

1 


9.5 

9.2 

93 

101 

G.S 

10.0 


ammonia level in animals sacrificed 1 second after electrical stimulation 
and therefore several seconds before the onset of convulsions. Estima- 
tions of blood ammonia carried out on blood from the carotid arteries of rate 
killed by decapitation showed a rise in the blood ammonia during electri- 
cally induced convulsions; this was to be e.xpected, since it is known that 
ammonia is liberated in the muscles and enters the blood during severe 
muscular activity (18). Determinations of blood ammonia on rats in the 
preconvulsive state gave values which were generally in the normal range, 
but in a few cases the figures were high; this might be due to the diffusion 
into the blood of ammonia liberated in the muscles through the tonic mus- 
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culai' spusiD produced by the clcclricul stimulation. The wide disparity 
betucen the ammonia levels in the blood and the brain observed in these 
and in other c-xperiincnts gave evidence that the brain ammonia was formed 
in the brain itself and could not be attributed as a rule to ammonia entering 
the brain from the blood. 

Since the brain ammonia content was raised in the preconvulsive state, 
it appeared of interest to find out how far the cerebral irritability in this 


T.iBLE YIII 

Ammonia ConUnl of Kal lilood and Brain in Preconvulsive Stale after (a) Piero- 
toxin Administration and (It) Electrical Stimulation 


The rats were killed before the onset of convulsions. Other conditions as in Table 
VII-, picrotoxiu doac, 1 ml. of 3 per cent solution. 



Rat No. 

Weight 

fat 

f 

1 Method ol UUipg 

Duration 
oi shock 

Brain 

ammonia 

Blood 

ammonia 



( 


itfc. 

rrtg. ^er cent 

mg. per cent 

Picrotoxiu 

1 

1 200-300 

Decapitation 


0.65 

0.11 



1 200-300 



0.49 

0.42 

Electric shock 

3 

1 35-10 

Liquid air 

1 

0.40 



•1 

; 35-10 

4( << 

1 

0.73 


! 

1 1 

1 ^ 

35-10 

n *t 

1 

0.44 


i 

1 

1 1 

35-40 



0.41 


Mean, rata killed by liquid air only 

0.49 



7 

( 200-300 1 

Decapitation 

1 2 

0.71 

, 0.38 


8 

200-300 

(t 

1 3 

^ 0.83 

; 0.13 


9 

200-300 

<( 

4 

1.04 

0.22 


10 

200-300 

i( 

3 

1.10 

0.93 


11 

200-300 

tt 

2 

0.92 

0.32 


12 

200-300 

H 

3 

0.92 

0.70 


13 

200-300 


2 

1.10 

0.17 


14 

200-300 

H 

2 

0.93 

0.20 


0.94 

0.38 


state could be attributed to the toxic action of the free ammonia. It was 
found that, when ammonium chloride was administered by intraperitoneal 
injection, convulsions occurred at the time when the brain ammonia level 
was approximately 9 mg. per cent, or about 10 times the level in the pre- 
convulsive state (Table VII). The brain glutarnine content appeared to 
be raised after ammonium chloride administration, but acemrate figures 
could not be obtained in this series, owing to the large amount of 
ammonia present. In contrast to the figures on ammonia, the brain ^ 
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tamine values showed little variatioa with the various experimeutal pro- 
cedures which were tried. 

DISCUSSION 

It was found that the ammonia content of the rat brain, analyzed after 
rapid fixation by freezing in liquid air, was not constant but depended oa 
the state of activity of the brain at the time of fixation. Values obtained 
on anesthetized animals were significantly lower than those for normal 
controls, while much higher values were obtained in animals taken during 
concisions produced by convulsant drugs or by other methods of stimu- 
lation. The brain ammonia content during electrically induced convulsions 
was more than eight times that found in anesthetized animals. Unless it 
is believed that these changes occurred during the brief period of freezing 
with liquid air, it must be concluded that they represent changes oc- 
curring in vivo. This view is supported by the work of Tashiro (11), who 
showed that free ammonia is liberated by the isolated frog nerve and 
that the amount liberated is increased on stimulation. The observations 
on the frog nerve were confirmed by Winterstein and Hirshberg (19). 

The present work showed that the brain contains some source which 
can liberate up to about 1 mg. per cent of ammonia within 5 seconds upon 
stimulation. The source of this ammonia is not yet clear, but the brain 
glutamine content showed little variation, which made it unlikely that glu- 
tamine was the source. It might come from the deamination of nucleo- 
\ ies; this has generally been regarded as a relatively slow process (20), 
‘ 't recent work has shown that the simultaneous dephosphorylatiou and 
deamination of adenosine diphosphate can proceed with considerable ra- 
pidity in muscle preparations (21). It is noteworthy that the liberation 
of ammonia did not run parallel to the formation of lactic acid in the brain 
by glycolysis. The brain ammonia and lactic acid are both increased by 
convulsants and decreased by anesthetics, but there was no liberation of 
ammonia corresponding to the rise in lactic acid in the brain in emotional 
excitement.^ The rapid liberation of ammonia after decapitation came to 
an end in a few seconds, while the lactic acid formation by postmortem 
glycolysis continues for a much longer time. Again, the fall in the ammonia 
content of the brain in anesthesia appeared to follow some time after t e 
decrease in the lactic acid level. 

The rise in the brain ammonia content in electrical convulsions was no 
due to the convulsions themselves, for it could be shown that the liberation 
of ammonia in the brain occurred in the preconvulsive stage of cere ra 
irritability before the start of the convulsions. This raised the question 
of whether the convulsions could be attributed directly to the toxic action 
of the ammonia. This suggestion was previously made for epileptic con 
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vulsiona by Riebeling (3) and Briihl (22), who reported that the ammonia 
content of the cerebrospinal fluid was increased in epileptics after seizures. 
Richter, Dawson, and Rees- were unable to confirm that observation but 
that did not disprove their hypothesis, for it is not likely that the cere- 
“ brospinal fluid would give an accurate reflection of the rapid changes oc- 
curring in the brain. The view that epileptic seizures may be attributable 
to the to.xic action of ammonia is attractive, as it can e.vplain a number of 
the experimentally observed facts; these include (a) the precipitation of 
seizures by ano.xia, which has been shown to libei’ate ammonia in the bi-ain, 
(6) the autocatalytic spread of the discharge, as ammonia liberated at one 
point stimulates the neighboring regions of the brain, and (c) the specific 
effect of glutamic acid in inhibiting certain types of seizures, in which the 
rate of detoxication of ammonia might be the limiting factor. 

Further experiments designed to test this hypothesis showed that the 
ammonia liberated in the rat brain on stimulation reached about a tenth 
of the concentration required to produce convulsions in a normal animal. 
The figure for the couNuilsant level was obtained by injecting ammonium 
chloride and determining the brain ammonia content after the convulsions 
had started. Under these conditions the ammonia would be fairly evenly 
distributed throughout the vascular bed and substance of the brain, while 
it might be expected that the ammonia liberated on stimulation would be 
' formed mainly’’ in the metabolically active regions, where local concentra- 
tions higher than the average for the whole brain would be found. The 
I apparent discrepancy between the ammonia level after stimulation and the 
' convulsant le^^el maj’’ therefore be less in fact than these experiments would 
appear to indicate. The present investigation gives evidence that am- 
monia is liberated in the brain on stimulation and shows that the brain 
ammonia concentration can approach the to.xic range; it suggests that in 
conditions such as epilepsy, in which the brain is abnormally irritable, the 
toxic action of ammonia may play a significant part. 

SOTQIABT 

Values are reported for the ammonia and glutamine content of the rat 
brain. The normal ammonia content, determined by a method which 
avoided the error due to the decomposition of labile acid amides, was 0.28 
mg. per .cent and the glutamine content was 79 mg. per cent. A study of 
the factors affecting the brain ammonia level showed that it was decreased 
by prolonged nembutal narcosis and markedly increased by direct stimu- 
lation of the brain or by procedures which increase cerebral irritability. 
The ammonia level was increased to 0.47 mg. per cent by picrotoxin ad- 

= Richter, D., Dawson, R. M. C., and Rees, L.,J. Merit. Sc., in press. 
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ministration and O.Sl mg. per cent by anoxia. Electrical stimulation 
caused a rapid increase in tbe ammonia level in 1 to 2 seconds and it was 
also raised by tbe stimulus of decapitation. The brain ammonia was not 
affected by emotional excitement and the glutamine content was not sig- 
nificantty affected by any of the factors which were tested. Injection of 
ammonium chloride in the rat caused convulsions when the brain ammonia 
level had risen to 9 mg. per cent. The significance of these data in relation 
to the mechanism of epileptic seiaaires is discussed. 

The authors thank the iSIedical Research Council for a personal grant 
to one of us (R. M. C. D.) and for a grant for expenses; they thank the 
Rockefeller Eoundation and the Royal Society for grants for equipment. 
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Recent work lies shown that cetWn mieroorEanisms ^ 

prialo conditions dispense ‘ dHrom hydrolyzed 

acid or other related materials (l-o). Moreove , _ 

“pLnra, as well as a P”«ally puri«ed 

found to have biotin-hke have such activity (6). 

diet hiEh in CEB white (3 6). Oleic „ between biotin and 

It seemed of interest to 'ntrSo? an organism entirely 

fat-soluble biotin-active substances be yellow fever mosquito 

different from either bacteria or vertebrate. J among 

Aedes atiupli w^ *osen for requirements of which consider- 

the few insects concermng the iiut maintained in 

able information is already availab e ( ) ; larvae develop rapidly 

large numbers under laborato^ “““ torpid Sto a period of 1 or 
so that deSnite effects on growth ' ^ b . j medium and can utilize 

; 2 weeks. The larvae ace adapted to life in a rngia 

both solid foods and nutrients in solution (8^ tina 
larvae can readily be reared hasized. It has become in- 

This last point cannot be be produced only second- 

creasingly apparent that some e e . • the intestinal bacteria 

arily via an effect on the “Xron microorgan^^^ 

(10-13). Since in nature mosjito la^^ reqmrements if living 

whatever can be discovered ab ^ contamination can permit 

microorganisms are present. _ unsuitable. Hence complete 

development in a medium otherwise en . ^ experiments. It 

bacterial sterility has been a of the results ob- 

has at the same time added to the g concerned with 

tained, since in their interpreta ion „ either of the intestine or 

the possible synthetic activities of a micronor 

of the environment. 

( Methods . ui 

1 . ■ nf TTinsauito is so adaptable to 

j Colony of Aedes aegypt^—’^^^^ thod^for rearing a stock colony can be 
^ laboratory conditions that the methods for 

12XX 


1214 


BIOTIN IN NUTRITION OF aiOSQUITO LARVAE 


For any one experiment,' all the tubes were prepared at the same time 
and all received the same batch of double strength medium and of clio- 
lesterol. Duplicate tubes were usually prepared for each factor being 
tested, although sometimes three or even five tubes of each were used. 
Each experiment included control tubes to which no biotin was added, as 
well as tubes with various known concentrations of biotin. The biotin 
was added from an autoclaved solution standardized by microbiological 
assay and stored in the refrigerator. Water-soluble materials to be tested 
for biotin activity were similarly added from autoclaved stock solutions. 
Materials insoluble in water, such as oleic acid and the biotin-active oil from 
hydrolyzed horse plasma (hereafter designated FSF), were emulsified by 
means of ethyl alcohol. The emulsions were prepared as follows. To 
0.95 ml. of warm 95 per cent alcohol in a sterile tube was added 0.05 ml. of 
the oil, previously autoclaved. 9 ml. of sterile distilled water were then 
run in with shaldng. A millcy emulsion formed with some free oil droplets 
which floated to the surface and were avoided in making the subsequent 
dilutions. Usually 1 ml. of emulsion was diluted in 9 ml. of sterile water, 
and the dilute uniform emulsion was added to the experimental tubes in 
amounts up to 1 ml. The maximal concentration of alcohol was hence only 
about 0.15 per cent, which was not found to have any effect on groMh in 
the synthetic medium supplemented with biotin. The concentration 
of active material in the final dilute emulsions w’as determined by micro- 
biological assay. 

In the preparation of an experimental series, the app ropriate quantity 
of sterile distilled water (enough to give a final volume of 6 ml.) was first 
pipetted into each sterile tube containing casein. This was followed by 3 
ml. of the double strength medium and 0.1 ml. of the cholesterol suspension. 
The biotin or other supplements were then added and the tubes were 
inoculated with the washed first instar larvae. The usual precautions to 
insure sterility were observed. The tubes were kept in an incubator at 
28-29.°, except for a brief period each day when they were removed for 
examination. 

Microbiological Assays — ^Biotin and the biotin activity of lipide materia 
were assayed with Lactobacillus casei with the method of Tandy and Uic 'c 


(20) slightly modified (2). 

Sterility Tests — Since most of the media used were clear, nearly color 
liquids, contamination could often be detected by the appea.rance ^ 
cloudiness. All tubes after about 7 days of incubation were submitte o ^ 
routine sterility test. This consisted of streaking a loopful of 
from each tube onto a plate of dextrose nutrient agar. All tubes v 
showed some new effect, or the results of which would be especially sig“ 
caiit, were later submitted to additional sterility tests in nutrient ro , 
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ycMSt oxtuu't and cDDkoil meal nn'diuin. Contaminations were de- 
tectoil in ahonl I per cent ol the tulx"- A.s ^oon as an experimental tube 
showed evidenee of hein^ eontaminate<l it uas discarded and the results 
previously obtained with it weie not nn-d. ' 

Qudiilildtuc Ii.i ])rt’S!^ioH oj I)c’'iloj)i>ii nidi lidlc — The larvae of Aedes 
undergo thn'e molts between hatciiing from the egg and pupation. 
Hence theie aie four larval instars. Ihc'c provide the basis for a simple 
method for following the rate ol developna'iit One needs only to examine 
each tube daily and to note the number ol l.ir\ ae m each instar. Although 



Fio. 1. ^ledcs aeijijpti larvae 7 clays after then inoculation as first instar larvae into 
(from left to right) (a) the basal rncihum without added biotin (all in the second 
instar); (6) the basal medium plus -1.2 m-/ of biotin per ml. (all in the third instar) ; 
(c) the basal medium plus 3.3.3 mv of biotin per ml. (all in the fourth instar). Photo- 
graph by J. A. Carlile. 

the larvae grow in body length between molts, their head and anal siphon 
show a discontinuous growth with a marked increase in size immediately 
following each molt. This fact makes it possible to recognize at a glance 
whether a larva is in the first, second, third, or fourth instar (see Fig. 1). 
This method of following growth was used in the early work on the nutri- 
tion of mosquito larvae (15). At that time a growth index was described 
which was obtained from the expression M X (1/T), in which N is the per- 
centage of larvae reaching the fourth instar within a chosen period of time 
and T is the average time in days required by them to do so. The choice 
of the time period does not materially affect the relative results. A longer 
period permits a larger percentage to reach the fourth instar in 
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nearty adequate media, but, since they take longer to do so, the final result 
is but little changed. For the present work a time of 14 days was chosen, 
since in this period very few or none of the larvae in the medium without 
added biotin reached the fourth instar, whereas in the presence of sufficient 
biotin all reached the fourth instar. Therefore all tubes were examined 
daily for the first 14 days in order to secure the data for the calculation of 
iV X {i[T). They were then examined every other day for an additional 
14 days in order to follow the emergence of adults and to check on the 
possibility of an unusual delayed growth. 


Table II 

EJJect of Addition of Different Concentrations of Biotin to Synthetic Medium on 
Growth and Development of Aedes aegypti 


Concentra- 
tion of added 
biotin 

No. of larvae from 
group of 6, 

reaching within 14 days 

Adults 

Average time to 

.vx^ 

3rd instar 

4th instar 

Female 

Male 

3rd instar 

4th instar 

Adult 

my per ml. 





days 

ditys 

days 


0 

5 

0 

0 

0 

10.2 



0 

6.7 

6 

6 

1 

2 

5.2 

10.3 

20 

9.7 

10.0 

6 

6 


3 

4.3 

8.0 

18 

12.5 

13.3 

6 

6 

1 

1 

3.3 

8.2 

14 

12.2 

16,7 

6 

6 

2 

4 

3.5 

6.3 

14 

15.9 

33.3 

6 

5 

2 

3 

3.5 

6.4 

14 

13.0 

66.7 

6 

6 

3 

3 

3.3 

4.8 

10 

20. S 

166.7 

5 

5 


3 

4.4 

7.0 

11 

11.9 


* In this and the following tables iV X (l/T) is an e.xpression of the over-all rate of 
larval development in which N is the percentage of larvae reaching the fourth instar 
within 14 days and T is the average time in days required by these larvae to reach 
the fourth instar. Under optimal conditions (15) all the larvae reach the fourth 
instar on the 4th day, so that the maximal value for N X (l/T) is 25. Unless other- 
wise stated, each value is based on the growth of six larvae, three each in two tubes. 

Results 

Biotin and Pimclic Acid — In the synthetic medium in the absence of 
added biotin few or none of the larvae attained the fourth instar within 2 
weeks and none ever pupated. Biotin concentrations as low as O.G m 
per ml. had a distinct effect on laiwal growth, and the value of N X (1/ | 
became progressively higher with increasing concentrations of biotin, un i 
it reached a maximum of 20 in the presence of 66.7 my per ml. (Tables 
and III ; Fig. 1 ) . The poorer growth obtained with a still higher concentia 
tion of biotin (166.7 my per mb, Table II) suggests the possibility on. 
toxic effect of too much biotin, which has been previously reported foi 
flour beetle (21). Too few trials have been made at this high level to 
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permit a definite statement. While a biotin concentration of 50 my per 
ml. or somewhat more was required to give the optimal growth obtainable 
under the conditions of these e.xperiments, in the presence of only about 20 
my per ml. most of the larvae metamorphosed into adult mosquitoes, and 

T.\ble III 


Replacement of Biotin in Larval Growth of Aedes aegrjpli by Oleic Acid, FSF, 
and Two Partially Purified Fractions from FSF, Tween 80 and Tween 40 



1 Concentration per ml. 

1 • 

NX ^ 

Supplement 





Actual my 

As m 7 biotin activ- 
ity for L. casei 

T 

None 

0 

0 

0.8 

Biotin 

0.6 

0.6 

2.5 


2.1 

2.1 

1.9 


6.2 

6.2 

6.9 


21.0 

21.0 

14.3 

Oleic acid 

2,400 

0.02 

3.6 


4, S 00 

0.04 

4.2 


7,200 

0.06 

4.6 

FSF 

3,500 

0.007 

4.0 


7,000 

0.014 

6.3 


10,500 

0.021 

6.4 

Cold alcohol-soluble fraction from 

3,750 

0.015 

1.5 

FSF 

5,000 

0.02 

3.5 


6,250 

0.025 

3.3 

Ammoniacal eluatc from aluminum 

1,200 

0.01 

2.6 

oxide adsorption of FSF 

1,800 

0.015 

8.5 

2,400 

0.02 

4.4 

Tween SO 

67,000 

0.067 

4.3 


134,000 

0.134 

4.7 


333,000 

0.333 

2.5 

“ 40 

50,000 

0.001 

0 


100,000 

0.002 

0 


200,000 

0.004 

4.3 


400,000 

0.008 

6.1 


* The figures for no supplement, biotin, oleic acid, and FSF are each based on 
nine larvae, while those for the other supplements are each based on six larvae. 


even with as little as 5 to 6 my per ml. a few succeeded in reachmg the 
adult stage. With lower concentrations of biotin the larvae failed to 
pupate. 

Table II shows the adequacy of the single number N X (1/T) as an index 
of larval development. A similar figure could be calculated for the third 
instar and the same relative values would be obtained in most instances. 
All larvae reached the second instar on the 2nd or 3rd day regardless of the 
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presence of added biotin or other supplements unless inhibitory substance: 
were present, in which case they might remain in the first instar for a veel 
or longer before dying. It is also evident from Table II that the value oi 
N X 0-/T) gives some indication of the extent of metamorphosis to the 
adult stage. In general, with N X 0-/T) values of about 15 most of the 
larvae became adults in about 2 weeks. With N X (1/T) values around 
20, which is the highest yet observed in the synthetic medium and is close 
to the maximal possible value of 25, all or most of the larvae became adult: 
in 10 to 12 days. When N X (1/T) was 10 or less, only a few or none of the 
larvae succeeded in reaching the adult stage vdthin the obsenmtioa perioc 
of 4 weeks. A longer period of observation would have been of little value 
for larvae which reached the fourth instar but failed to pupate within i 


weeks usually began to show signs of weakness at about that time. 

Pimelic acid can apparently replace biotin in the nutrition of the floui 
beetle Tribolium confiisum (22), serving presumably as a precursor of biotu 
(23-25). Since Tribolium is the only multicellular animal which ha: 
been reported as capable of converting pimehc acid to biotin, an attempi 
was made to discover whether Aedes aegypti could also do this. The result: 


of several experiments have been negative. For example, the same espen 
ment in which the results with biotin are given in Table II included th( 
testing of two different samples of pimelic acid, each at concentrationsoi 
3.3, 6.7, 10.0, 13.3, 16.7, 33.3, 66.7, and 166.7 my per ml. N X (1/2’) 

0, except in the highest concentration of one sample, for which it wi^ l-o- 
There was no significant acceleration of growth over that observed in tu6 
tubes without any supplement. It must be concluded that either Tri- 
bolium has greater synthetic powers than Aedes, or its ability to utihze 
pimelic acid depended on the synthetic activities of microorganisms present 
in the intestine of the beetle or in the diet, since the experiments wit 


Tribolium were not carried on under aseptic conditions. 

Replacement of Biotin by Oleic Acid, FSF, and Related Substances-— 
oleic acid and the oil from hydrolyzed plasma (FSF), when added in 
of biotin, had a definite effect on larval growth (Table III). ^ 
important to choose an appropriate range of concentrations, 
stimulation failed to occur if the concentration was either too low or 
high. In the latter case, the materials probably e.xerted a to.xic effect, ^ 
with the somewhat higher concentrations most of the larvae remaine i^ 
the first instar and with still higher concentrations they were killed wit 
day. The range of effectiveness of oleic acid w'as smaller than that ° . 

and the maximal value of A X (I/T) obtained in all the experimen 
which the two materials were compared was smaller for oleic acid t ^ 
FSF. With FSF itself and some active fractions derived from it) 
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for .V X (l/T) of up to 10 to 11 have been frequently obtained, but the 
highest ever observed for oleic acid was G.8, and this in only one experi- 
ment. Both oleic acid and FSF, if measured in terms of their microbiologi- 
cal biotin activity, would seem to be much more active for mosquito larvae 
than biotin itself (see, for example. Table III). They are of course much 
less active if measured in terms of their actual concentration. 

Several partially purified fractions which were obtained from FSF (6) 
and which had biotin activity for Laclobacillus casei also had biotin activity 
for -'Icdcs aegypti larvae. The data obtained with two such fractions are 
given in Table III. The results with the ammoniacal eluate are of special 
interest, since this material has also been found to have biotin-like activity 
when injected into chicks on an egg white diet and to have almost as high a 
specific activity for Laclobacillus casei as has oleic acid (6). 

A variety of synthetic detergents, chiefly non-ionic esters of fatty acids, 
lipt; been found to function as growth factors for certain bacteria (26, 5) 
and to be capable, like oleic acid and FSF, of replacing biotin in the nutri- 
tion of lactic acid bacteria (4). Two of these materials. Tween 80 (a 
polyoxj'ethylene derivative of sorbitan monooleate) and Tween 40 ^ (a 
similar monopalmitate), have been tested and found to have some activity 
for the gro\\'th of Aedes aegypti when added to a biotin-free medium (Table 


As might have been expected, lecithin can replace oleic acid foi those 
bacteria for which the latter substance has a growth-promoting effect (5). 
It can similarly replace biotin in the growth of Aedes aegypti^ (Table IV). 
At concentrations higher than those sho^vn in Table IV animal ecit in 
became progressively more and more inhibitory, although even at very 
high concentrations it did not kill the larvae, which lived^ for a wee ’ 
in the first or second instar. Like oleic acid and FSF, lecit in, w en use 
in place of biotin, had a much greater effect on the growth of A aegyph 
larvae than would be expected from its biotin activity for Lactobacillus casei. 
Thus a concentration (15 y per ml.) with a biotin activity or . casei o 
only 0.023 my per ml. gave as high a value for N X (1/T) as was usually 
obtained with biotin concentrations of 4 to 6 my per m . is same ac is 
illustrated by the activity of lecithin when added as a supplement to a 
low concentration of biotin (Table IV). The addi ion o y ' 

lecithin, which theoretically increased the biotin ac ivi y or • 
only 4.2 to 4.208 my per ml., raised the N X H/T) value from 7 to 15 and 

,permitted the emergence of some adults, in S 

lecithin, when added to this low concentration of biotin, ’ 

which was the reverse of the situation with lecithin alone O^h®^ ®xperi- 
ments have similarly indicated the possibility of an optimal ratio between 
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biotin and lecithin but more work will have to be done to establish this. 
It is interesting that lecithin was very early found to affect the growth of 
Drosophila under sterile conditions (27). 

In the many experimental tubes with diff'erent concentrations of oleic 
acid and IFSP, pupation has never occurred. Among the comparatively 
fewer tubes containing lecithin at a suitable concentration a viable pupa 
has been noted in tw’o different experiments. Both pupae died without 
completing transformation to the adult stage. Since complete tests of 
the sterility of the tubes did not reveal any contamination, it seems likely 


Table IV 

Effect of Lecithin in Absence of Biotin and in Presence of Low Concentration of 
Biotin on Growth of Aedes aegypti 


Supplement 

Concentration 

wx-i 

Adults 

Female 

Male 

None 

1 my per ml. 

0 

2.6 

0 

0 

Lecithin* 

5,000 

5.2 

0 

0 

1 

15,000 

9.0 

0 

Ot 


30,000 

12.1 

0 

0 

Biotin 

4.2 1 

7.2 1 

0 1 

0 

Biotint -f lecithin 

5,000 

15.0 

3 

0 


15,000 

13.4 

0 

1 


30,000 

8.3 

2 1 

1 


* The lecithin used had a biotin activity for Lactobacillus casei of 1.5 my 
mg. or 0.0075 my per 5000 my. 

t Each tube contained biotin at 4.2 my per ml. + the indicated concentrstioo 
of lecithin. 

t One larva pupated on the 26th day but failed to emerge as an adult. 


that lecithin or some impurity in it is a more suitable source of lipide to 
replace biotin than either oleic acid or FSF. 

niscussiON 

Aedes aegypti is now the second insect, and also only the second multi- 
cellular a n imal, to be reared from egg to adult in the absence of micro- 
organisms and on a diet of essentially known composition, Drosophi^ 
melanogaster having been the first (18). For Aedes as for Drosophila, the 
synthetic medium is not quite adequate. More rapid growth and more^ 
vigorous adults are regularly observed in sterile media containing certain 
natural foodstuffs. The unknown factor for both Drosophila (18) ^ 
Aedes (17) is present in the water-insoluble fraction of yeast, and that or 
Drosophila at least is also present in water-soluble form in yeast autolysa 
(28). 
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The growth of Acdcs aegypli in the complete synthetic medium is never- 
theless sufficiently good to permit the evaluation of the role of individual 
metabolites in the growth of this insect. It has been possible to show that 
l' biotin is essential for the development of A. aegypli, as it is for other insects 
(21, 29), and to determine quantitatively the requirements of this insect 
for biotin. For Tribolium confusum the optimal concentration of biotin 
was found to be 100 ray per gm. of diet, with as little as 6 my per gm. pro- 
ducing detectable effects (21). For A. aegypli the optimal concentration 
lies around 50 my per ml. of liquid medium, with detectable effects at con- 


centrations down to 0.6 my per ml. 

In the presence of casein, sucrose, nucleic acid, and all the loiown B 
vitamins, including biotin, .-Icdcs aegypli does not require any fat-soluble 
growth factor other than cholesterol. In this respect it resembles Dro- 
sophila and several species of beetles (7) and differs from the moths of the 
genus Eplieslia, which require linoleic acid even on a diet containing yeast 
(30). The growth-stimulating effects, in a medium essentially free from 
biotin, of oleic acid, FSF, lecithin, and related compounds on the larvae of 
ff. aegypli may be taken to indicate that biotin functions in the synthesis 
of such fatty compounds. If suitable lipides are present in the diet, biotin 
may be largely dispensed with. Such an explanation has been suggests 
for the ability of some lactic acid bacteria to dispense with biotin in t e 
presence of oleic acid (5) and has been discussed in relation to the biotm- 
like activity in chicles of the neutral oil from plasma (6). The best larval 
growth of .- 1 . aegypli which has been obtained with oleic acid m place ot 
biotin has not been as good as that supported by the lowest concen ra ion 

of biotin which sufficed for the metamorphosis of some 0 t e arvae o e 

adult stage. However, with FSF and fractions derived from it, and wnth 
lecithin, at appropriate concentrations the rate of larva eve opmen as 
been about as great as the minimum which, in the presence of low concen- 
trations of biotin, was compatible with the occasiona emergence o a u s. 

And yet no metamorphosis occurred, with the exception 

observed in tubes containing lecithin. It may be mere y ® ^ ’ 

because of their toxic effects, cannot be provide m e nu ™ mpta- 
at a concentration high enough to^ carry the larvae roug . 

morphosis. Or it may be that biotin is essentia a so or 
some particular lipide or other type of compound which has not b^n pr - 
vided in the experiments reported here and which is required for meta- 
morphosis but not for larval growth. 

, summary 

I The yenow fever mosquito Acdia aem‘> of’e'ientiaS 

to the ilult stage in a medium tree from microorgamsms and ot essentially 
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known composition. If biotin was omitted from the medium, larval 
growth was very slow and metamorphosis to the adult stage did not occur. 
Optimal growth on the synthetic medium was slightly inferior to that ob- 
served in liver extract plus heat-killed yeast and was obtained in the pres- 
ence of about 50 my of biotin per ml. of medium. With lower concentra- 
tions of biotin growth was progressively slower, and with less than about 5 
my per ml. metamorphosis to the adult stage did not take place, although 
clearly recognizable effects on larval growth were produced by concentra- 
tions as low as 0.6 my per ml. Biotin could not be replaced by pimelic acid. 

Relatively low concentrations of oleic acid, an oil from hydrolyzed 
plasma (FSF), lecithin, and related compounds, when used in place of 
biotin, supported larval growth as good as that obtained with the lower 
effective concentrations of biotin. 

For the mosquito Aedes aegypti, as well as for some bacteria and for 
chicks, certain lipide compounds can at least partially replace biotin, sug- 
gesting that biotin must be of general importance in the synthesis of these 
lipides. 

It is a pleasure to acknowledge the faithful and eflacient technical assist- 
ance of Miss Marion Orcutt and Mrs. Anne Baldino. 
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Certain constituents of the liver undergo changes which accompany the 
feeding of the carcinogenic azo dyes. Hoch-Ligeti (1) noted that the ac- 
tivity of the enzj’me, succinoxidase, is reduced in livers of rats fed p- 
dimethylaminoazobenzone. Liver tumors induced by this carcinogen have 
lower cytochrome oxidase and succinoxidase activities than normal liver (2). 
The azo dyes also lower liver riboflavin in proportion to the carcinogenic 
activity of the dye (3-5). Recently Miller and Aliller (6) demonstrated a 
firm binding of azo dye to liver proteins before actual tumor formation. 
Other workers (7, S) have obser\'ed that hepatomas induced by the azo 
dyes contain more desoxyribonucleic acid then normal tissues, while the 
ribonucleic acid remains normal or is slightly reduced. Of equal impor- 
tance are the observations of Price, Miller, and Miller (9) and Masayama 
and Yokoyama (10) that the precancerous livers of rats fed diets containing 
p-dimethylaminoazobenzcno exhibit increased levels of deso.xyribonucleic 
I acid. Opie (11) found definite changes in the cytoplasmic ribonucleic 
acids of liver cells when tumors were produced by the feeding of p-dimethyl- 
aminoazobenzene. 

In the present study livers of rats were fractionated in order to isolate the 
desoxyribonucleoproteins, ribonucleoproteins, albumins, and globulins. 
Analyses were made for these components as well as for nitrogen, phos- 
phorus, and riboflavin in the various fractions obtained. The fractionation 
and analytical studies were carried out on normal rat liver, precancerous 
liver, and hepatomas I’esulting from the feeding of diets containing m'- 
methyl-p-dimethylaminoazobenzene; this is one of the most active car- 
cinogens of the azo dye group (12). 

Methods 

Male albino rats,*^ weighing approximately 200 to 250 gm., were fed 
,-diets containing 0.06 per cent m'-methyl-p-dimethylaminoazobenzene 
1 (nt^’Me-DAB) ad libitum-, for periods up to 10 weeks. The purified basal 
: diet was similar to that used by the Wisconsin group (13), and contained 

' Holtzman, Sprague -Dawley strain. 
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casein 18 per cent, glucose monoliydrate 73 per cent, corn oil (ilazola) 
5 per cent, salts mixture- 4 per cent. To each kilo of the diet so prepared 
vere added thiamine hydrochloride 3.0 mg., riboflavin 2.0 mg., calcium 
pantothenate 7.0 mg., pyrido.xine hydrochloride 2.5 mg., and choline 0.5 
gm. Each animal was given 2 to 3 drops of halibut liver oil by a dropper 
at 2 week inten'als. 

The animals were anesthetized with ether and the livers perfused in sUti 
with cold 0.14 Ji NaCI. The livers from five to sLx rats usually constituted 
one group for the fractionation and anal3dical procedures. The excised 
livers were rapidly weighed and samples removed for moisture determina- 
tions. To the remaining liver w'ere added 3.5 parts by weight of neutral 
0.4 JI NaCl and the mixture was homogenized for 2 minutes in a Waring 
blendor. After 10 to 15 minutes of stirring, this homogenate was centri- 
fuged for 15 minutes at 4000 r.p.m. (International centrifuge No. 2, conical 
head). The supernatant fluid was removed and the residue again e.xtracted 
with a volume of 0.4 m NaCI equal to that of the above supernatant fluid. 
Following this extraction the remaining residue was stirred with 1.5 vol- 
umes of 1 .0 M NaCl and centrifuged for 1 hour at 4000 r.p.m. as above. The 
total homogenate, the first .and second extracts with 0.4 M NaCl, the 1.0 
M NaCl extract, and the final residue were all analyzed for desoxyribonu- 
cleoproteins (DNP) and ribonucleoproteins (RNP) by the hot trichloro- 
acetic acid method of Schneider (14), for nitrogen (15), phosphorus (16), 
and riboflavin (17, 18). 

Albumin and globulin values were determined by analysis of the initial 
0.4 M NaCl extract. The e.xtract was reduced to pH 5.0, allowed to stand 
for 1 hour, and was then centrifuged for 1 hour at 4000 e.p.m. The super- 
natant fluid containing the globulins and albumin was dialyzed overnight 
with ranning distilled water in a rocldng dialyzer. The precipitated globu- 
lin was centrifuged off and combined with the globulin fraction obtained 
by precipitation in 2.3 ji ammonium sulfate at pH 7.0. The further addi- 
tion of solid ammonium sulfate to 4.6 ji and adjustment of the pH to 6.5 
precipitated the albumin fraction. Analysis for the fractions designated as 
globulin and albumin ,vas made by a modification of the biuret method of 
Robinson andHogden (19) by using the linear relationship of optical de^ 
ity to concentration as obtained from ciystalline bovine serum ^Ibu^u- 
The entire fractionation procedure was carried out in a room maintained 
at 1°. Special precautions were taken to maintain this temperature during 
homogenization, centrifugation, etc. 

= Salts mixture (parts by weight): NaCl 1470, Cai(POd 2 20S6, MgSO»- 7 HjO^< 
KCl 16S0, CaCOj 2940, FePOi-lH-O 206, KH..P04 4340, IMgCOj 672, MnSO.-ns 
3.2, KA1:(S04)2, 12H-0 1.2, CuSOi-oHjO 5.4, NaF 7.4, and KI 1.2. 
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Results 

Fradionalion of Normal Rat Liver — ^The initial fractionations were car- 
ried out by successive extractions of homogenized rat liver with 0.14 m 
N aCl as described by Mirsky and Pollister (20). It was difficult, however, 
to remove more than 40 per cent of the total RNP with this concentration 
of NaCl. Various combinations of extractions were carried out to iinproye 
the method. Three successive extractions with 0.4 m, 0.28 m, and 0.1 
11 NaCl removed 85 per cent of the total RNP and 8 per cent of the total 
DNP. It was noted, however, that most of the RNP appeared the ini- 
tial 0.4 M NaCl extract. \Vlien the extractions were carried out with NaOl 

Table I 

Liter Fradionalion 
Mg. per 100 gm. of fresh liver.* 


Li\er fraction 


Total homogenate 

1st extraction, 0.4 m NaCl. . 
2nd “ 0.4 M NaCl. 

Extraction, 1.0 M NaCl — 

; Final residue 

V 


XiUosen 1 

Phosphorus 

DXPt 

RNPJ 

Ribofli 

n[. 

per 

cent 

per 

cent 

of 

total 

mi. 

per 

cent 

per 

cent 

of . 

total 

ms- 

per 

cent 

per 

cent 

of , 

total 

mi. 

per 

cent 

per 

cent 

of , 

total 

TT ier 
cent 

2520 


280 


266 


150 


2466 

1400 

56 

164 

58 

19 

7 

98 

65 

1007 

25S 

10 

27 

10 

8 

3 

18 

12 

182 

250 

10 

39 

14 

176 

66 

15 

10 

206 

602 

24 

52 

18 

61 

23 

20 

13 

1134 


per 

cent 

d 

total 


41 

7 

8 
46 


• The values expressed arc the averages o si ^ weeks. Liver moisture, 

per group. Rats maintained on the j’?®* g rat; average liver weight, 

74 to 76 per cent. -Average daily food intake, 18 gm. per , 

t ^M.xyribonucleoprotein as desoxyribonucleic acid, 
t Ribonucleoprotein as ribose. 

solutions of a higher concentration than 0.4 m /extracted. 

RNP was removed but increasing amount of ,bove 

The viscosity of the homogenate , viscous, indicating solvation 

0.4 M, and at 0.6 m the 

of the DNP. From histological data it was app 

contain most of the DNP, remained re a i analvtical data, prompted 

trations of 0.4 m. These observations, alon^th 

the use of 0.4 m NaCl for the initml ex ra different components 

already been described. The values oblamed for the d.ne 

f in the various fractions are presented in ^ ' 5 Q pg, ggnt of the 

The initial extraction with 0.4 .. riboflavin, 7 per cent 

V total nitrogen and phosphorus, 41 per cent of the total no 
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Of the DNP, and 65 per cent of the RNP. All of the soluble globulin and 
Jbumin appeared in this extract. Subsequent 
NaCl resulted in a fraction containing 66 per cent or more of the hver D\ 
14 per cent of the total phosphorus, and approiamately 10 P^r.^ent of th 
total RNP, riboflavin, and nitrogen. The final residue containe p 
cent of the DNP. This can be removed, if desired, by exhaustive ex - 
tion with 1 M NaCl. Riboflavin also appeared to concentrate m thb 
fraction, presumably in combination with the sodium chloride-insolu 
protein fraction. 

Table II 

Effect of Carcinogenic Azo Dye on Liver Proteins 


Component 


as deso-xyribo- 


Nitrogen, mg. % 

Phosphorus, mg. % 
Desoxyribonucleoprotein, 

nucleic acid, mg. % 
Ribonucleoprotein, as ribose, mg. % 
Riboflavin, y % 

Albumin, % 

Globulin, % . 

Non-protein nitrogen, mg. % 

phosphorus, mg. % 


Control 

basal 

diet 

Time rats were fed diet 
containing azo dye 

Hcpatc 

mas 

2 wbs. 

4 wks. 

6 wks. 

8 wks 

2520 

2470 

2470 

2500 

2465 

2010 

280 

316 

316 

308 

326 

2/i 

266 

396 

440 

490 

506 

756 

150 

122 

146 

140 

126 

139 

2466 

1967 

1740 

1395 

1278 


1.3 

1.1 

1.2 

1.1 

1.1 


1.3 

2.1 

2.0 

2.2 

2.2 


180 

181 

213 

205 

230 


81 

98 

104 

108 

108 

- 


The values are expressed on a fresh liver basis and are averages 
groups per period, four to six rats per group. Cirrhosis was f 78 per 

at 8 weeks most of the livers were extremely cirrhotic. Liver jay. 

cent. Food intake while on diet containing azo dye, 13.5 to 15 gm. pe 
Average liver weight, 9.7 gra. per rat (range 7.2 to 13.5). 

It is apparent that this procedure provides only crude 
methods employed to concentrate and purify certain of the comp 

will be described later. _ r r nntaimD" 

Effect of Azo Dyes on lAver Convponents—Alh.Q feeding of diets c 
7 ?i']\Ie-DAB appeared to induce some pronounced changes 
of the liver components (Table 11). The total as 

relatively constant (75 to 78 per cent) over the 8 week fee lUo P 
did the total nitrogen. The non-protein nitrogen, however, 
somewhat as a result of feeding the azo dye. An increase iv a 
in the total phosphorus of the liver which could be accounte 
increase in the nucleic acid fractions. Of all the ® tion of tlie 

the DNP exhibited the greatest change as a result of adminis 
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carcinogen. There was a progressive increase, and at S weelcs this com- 
ponent was almost double that observed in the normal rat liver (266 versus 
506 mg. per cent). Cirrhosis and other liver damage progressed as the 
azo dye was fed, and there appeared to be some correlation between in- 
creasing liver DNP and cirrhosis. The high liver DNP, after feeding of the 
carcinogenic diet for S weeks, actually approached that obseiwed in hepa- 
tomas. It should be noted that the estimation of DNP and also of RNP 
depends on the colorimetric action of desoxyribose and ribose bound to 
purine bases after the liucleic acids have been liberated from the protein 



by hot trichloroacetic pfset rlgei, for example, would 

other components that react with the D improbable that this 

result in apparent high values for ^ PP^ 
was responsible for the high values obs 

containing azo dye, since an actual m .mleoprotein comples was 

traction could be observed visually when this nuc eopr P 

precipitated by reducing the NaCl “u conclusion, 

approximately 0.14 m. Phosphorus pnlorimetrically in the initial 

The total of nucleic acids as ^ j^as been plotted against 

fraction obtained by extraction ^ for each of the twenty-two 

the protein phosphorus content of * increase in nucleic acids is cor- 

runs (Fig. 1). It may be observed that an increase 
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related with an increase in protein phosphorus. Similarly, the phosphorus 
content of the 1.0 ii extract, which contains most of the DNP, was plotted 
against nucleic acid content. Here again it is evident, from the line of 
least squares, that increases in nucleic acids are accompanied by an in- 
creased phosphorus content. This provided further evidence that the in- 
crease in the liver DNP accompanying the feeding of the azo dye is real 
and not a result of other substances that may react with the Dische reagent. 

At present it is difficult to assign any significance to changes in the RKP 
content (Table II). There was an initial decrease in this component ac- 
companying the feeding of diets containing the azo dye. After feeding the 
dye for 4 to 6 weeks, however, there was some increase. These observations 
appear to be in agreement with those of Opie (11), although his studies 
were on a cytological basis and involved the feeding of the less active car- 
cinogen, p-dimethylaminoazobenzene. 

The riboflavin content decreased progressively in the liver; after 8 weeks 
of feeding the diet containing the m'Me-DAB, it was approximately 50 
per cent of that observed in the livers of rats fed the dye-free basal diet 
(2466 versus 1278 y per cent). These findings are in agreement with those 
of other investigator (5, 9). Normal rat liver contains 1.3 per cent 
globulin and almost the same percentage of albumin. The albumin re- 
mained at approximately this level throughout the period of azo dye feed- 
ing. An increase was noted, however, in the globulin fraction. This 
increase appeared within 2 weelcs and the globulin content remained at 
approximately 2 per cent throughout the precancerous period. 

In a corresponding study on the effect of azo dye carcinogenesis onseram 
proteins, it was observed that the serum 7 -globulin concentration increased 
with the feeding of the m'Me-DAB.^ Globulin and albumin were not 
determined in the liver tumors because of the small amounts of suitable 
tissue available. 

In order to ascertain whether the increase in DNP w’as specific for the 
carcinogenic azo dyes or whether this was perhaps a response to azo' com- 
pounds in general, rats were fed diets that contained the relatively non- 
carcinogenic compound, azobenzene, at a level of 0.05 per cent (Table III)- 
In this series, the total liver nitrogen and phosphorus contents were some- 
what higher than were observed for the basal control diets (Table I)- 
Riboflavin, DNP, and RNP concentrations were essentially normal after 
the diet containing the azobenzene was fed for either 2 or 4 weeks, indicat- 
ing that the increase in the DNP content noted in the animals fed the w'M®' 
DAB was associated with carcinogenesis and was not due to azo compouo^ 
in general. 

’ Cook, H., Griffin, A. C., and Luck, J. AL, J. Biol. Ckem., in press. 
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^ Purificalioii of Liver N uchoproteiiis — Extraction of liver with 0.4 st 
XaCl resulted in a fraction containing 65 per cent of the total liver RNP 
and approximately 7 per cent of the DNP. The 1.0 jr extract contained 
06 per cent of the total DNP and 10 per cent of the RNP (Table I). Al- 
most all of the RNP present in the initial NaCl extract may be sedimented 
out by adjusting the pH to 5.0 and centrifuging. If this precipitate was 
stirred^ in water and the pH adjusted to 8.0, the RNP was dissolved. By 
repeating this process several times, it was possible to obtain a fraction con- 
taining over 50 per cent of the RNP originally present in the liver and 
from 2 to 5 per cent of the total DNP. This fraction was also free of the 
more soluble liver components; i.e., albumins, globulins, non-protein nitro- 
gen, and phosphorus. By centrifuging the initial NaCI extract for 4 hours 

Table III 

Effect of Azobcnzene on Liver Components 


Purified basal diet -b 0.05 per cent azobenzene. 


Compoacnt 

Zwks. 

4 wks. 

Nitrogen, mg. % 

2900 

2850 

Phosphorus, mg. % 

342 

332 

Desoxyribonucleoprotcin, as desoxyribonucleic acid, mg, %.... 

RiboflUclGOprnfpin^ nq mjj. 

318 
^ 153 

273 

170 

Riboflavin, y % 

2330 

2278 

J^on-protein nitrogen, mg, % 

200 

199 


100 

102 



The values are on a fresh tissue basis, two groups per period, four to six rats per 
group. Livers appeared normal at the 2 and 4 week periods. 


at 100,000 X p in the ultracentrifuge at pH 7.0, an almost complete sedi- 
mentation of the RNP was effected. This high speed centrifugation prob- 
ably sedimented the formed elements of the cytoplasm that contain the 
RNP (21). Further work is in progress to determine whether ultracen- 
trifugation ^vill aid in the purification of RNP fractions. 

Some preliminary steps were also taken toward further purification of the 
T>NP from the 1.0 u NaCl extract. Mirsky and Pollister (20) precipitated 
the DNP from this fraction by adjusting the NaCl to 0.14 m, at which con- 
centration the protein appeared in a fibrous state. The fibers were then 
redissolved in 1.0 m NaCl. This procedure, repeated one or more times, 
resulted in a preparation of DNP relatively free of the RNP and other 
components. In the present investigation, purification by precipitation in 
0.14 M NaCl resulted in a preparation containing approximately 50 per cent 
of the DNP and 6 per cent of the RNP originally present in the liver. 
This fraction also contained 4 to 8 per cent of the total liver nitrogen. 
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approximately 10 per cent of the phosphorus, and had a N:P ratio of 4.0. 
All the preparations contained some riboflavin, although this constituted 
only 2 to 3 per cent of the total liver riboflavin in most cases. No studies 
were made to determine whether a flavoprotein constituted an integral part 
of the DNP present or whether the riboflavin present was merely residual. 
A DNP preparation containing relatively little PNP was prepared by 
precipitation of the fibers in 0.4 ii NaCl instead of in physiological saline. 
Some DNP was lost by precipitation in 0.4 Ji NaCI because of the increased 
solubility at this higher salt concentration. The resulting DNP, however, 
contained less than 2 per cent of the total RNP and had a N:P ratio of 3.8. 
In this range it becomes difficult to obtain an accurate analysis for the 
RNP in the presence of large quantities of DNP. 

It became evident that a better initial separation of the two nucleopro- 
tein types would facilitate the subsequent purification of these different 
fractions. It had been observed previously that low temperature storage 
of liver altered the extractability of certain of the proteins. A quantity 
of perfused rat liver was divided into three equal portions. One portion 
w'as fractionated immediately while the second and third portions were 
stored at — 15® for 2 and 4 weeks respectively. When the tissues stored 
at the low temperature were extracted with 0.4 m NaCl, more of each, com- 
ponent appeared in this fraction. Thus, over 80 per cent of the total nitro- 
gen and phosphorus were extracted, as compared with approximately 55 
to 60 per cent of these components in fresh, non-frozen liver (see Table !)• 
Approximately 90 per cent of the RNP was removed after the tissues had 
been subjected to the low temperature storage as compared to a 65 per cent 
e.xtraction in non-frozen liver. Perhaps more striking was the removal of 
riboflavin after the cold treatment. Only 40 per cent or less of the total 
riboflavin was initially extracted in the non-frozen liver, whereas 90 per 
cent could be extracted after the liver was frozen for the 2 or 4 week period. 
Variations as to time of storage, freezing temperature, and methods of 
freezing were carried out in order to determine whether low temperature 
would actually improve extractability and the fractionation of the liver 
proteins. It was found that freezing of the livers for only a few hours at 
— 15° improved the extractability of most components. The same was 
noted if the liver was frozen in a dry ice-ether (or acetone) mixture for lO to 
15 minutes. Finally a fractionation was carried out wherein the freshly 
removed liver tissue w'as immersed in liquid air for 30 minutes. The teue 
was then homogenized and twice extracted with 0.4 m NaCl as described 
under “iMethods.” The remaining residue was extracted with 6 volumes o 
1.0 M NaCl. -411 (^entrifugings were made in a Servmll supercentrifuge for 
approximately 20 j minutes at 20,000 X g- The initial extract with 0- 
M NaCl contained S3 per cent of the total RNP and 4 per cent of the ’ 
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while the 1.0 .^r XuCl e.xtract coutuined 82 per ceat of the DNP aad 3 per 
cent or less of the RXP. From these fractions it should be possible to ob- 
tain relatively pure preparations of RXP, DNP, albumins, globulins, etc., 
hi' the metliods previously described. 

DISCUSSION 

The increase in the liver DNP content appeared to be one of the most 
significant changes accompan 3 '-iug the administration of the carcinogen, 
wi'AIe-DAB. Other investigators (9) have also observed that a similar 
response, though less intense, could be obtained when the azo d 3 ’’e, p- 
diraetln’laminoazobenzene, was fed. A relatively non-carcinogenic com- 
pound, azobenzeiie, had seemingly little effect on the liver DNP, suggesting 
tliat the above increase was only associated with the process of azo dye 
carcinogenesis. Hepatic tumors have a considerably higher DNP con- 
centration than normal liver tissue, and in the present investigation it was 
found that the feeding of the carcinogenic azo dye resulted in a progressive 
increase in the amount of this component to a level approaching that of 
actual tumor tis.sue. Generally, it has been observed that tumor tissues 
contain more DNP than the normal tissues of tumor origin; however, the 
concentration of nucleic acids varies considerably in different normal 
tissues (7). Stowell (22) also has observed a higher cell content of desoxy- 
ribonucleic acid in epidermoid carcinoma than in normal human epidermis. 

Histological studies were not made on the liver of rats fed the azo dyes. 
It would appear certain that cellular changes accompany the large increase 
in DNP in the liver cell nuclei. Schneider (23) observed a cytoplasmic 
nuclear ratio of 5.85 for normal rat liver and 3.04 for rat hepatomas, indi- 
cating that the tumor cells have large nuclei or a greater number of small 
cells with nuclei of approximately the same size as normal cells. Our own 
observations reveal only an over-aU increase in the total liver DNP and 
provide no information as to whether it is a result of enlarged cell nuclei, 
of an increased number of small cells, or of an increase in DNP content per 
unit volume with no change in nuclear or cell size. There was a decrease 
in the amount of liver riboflavin with the feeding of azo dyes which is also 
in agreement with the findings of other investigators (3-5). This decrease 
in liver riboflavin appears to be roughly proportional to the increase that 
occurs in the DNP, Both components in the precancerous livers ap- 
proach the levels found in hepatomas, which may be of significance in the 
actual process of carcinogenesis. It is difficult to compare normal or even 
precancerous liver with liver tumors without a consideration of the type 
and uniformity of tissues involved. In the present study, more emphasis 
was placed on the precancerous liver changes, although it appeai-s signifi- 
cant that certain components of the precancerous livers do approach the 
levels found in liver tumors. 
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SUMMARY 

1. The livers from normal rats and from those fed diets containing the 
carcinogenic azo dye, ??i'-methyl-p-dimethylaminoazobenzene, were frac- 
tionated into several protein components on a basis of differential solubility 
in NaCl solutions. Quantitative analyses were made for nitrogen, phos- 
phoi-us, desoxyribonucleoproteins, ribonucleoproteins, riboflavin, albumin, 
globulin, and non-protein nitrogen and phosphorus in the appropriate frac- 
tions. 

2. Methods of purifying the ribo- and desoxyribonucleoproteins are de- 
scribed. Freezing of liver tissue before fractionation improved the ex- 
tractabihty of most of the liver proteins. 

3. The amount of desoxyribonucleoproteins increased progressively and 
approached the hepatoma level as the diet containing this azo dye was fed. 
The normal level was 266 mg. per cent (as desoxyribonucleic acid); after 
receiving azo dye for 8 weeks it was 506 mg. per cent; the level in liver tu- 
mors xvas 756 mg. per cent. The liver riboflavin content decreased as the 
azo dye was fed; the globulin content increased significantly, while concen- 
trations of other components remained relatively normal. 

4. A relatively non-carcinogenic azo compound, azobenzene, had no 
appreciable effect on any of the components determined. 
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the American Cancer Society and the United States Public Health Service. 
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of this University. 
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was soluble only in water, non-aqueous reagents were not employed. 
The pH values of all inactivation reactions were below 7, most of them 
being between pH 4.5 and 6.0, 

Reagents found to be ineffective as inactivating agents are listed in Table 
IV. 


Table II 

Inactivation itcagents Studied Qualitatively 



Conditions (or inactivation of >50% 

Potassium dichromate 

0.005 M, 37°, 3 hrs. 

0.001 “ 07% 10 min. 

30% solution, diluted 1:1000, 97% 6 min. 
0.001 M, 97% 15 min. 

0.005 “ 25% 3 hrs. 

0.01 “ 97% 10 min, 

•1%. 25“ 

10%, 25“ 

10% in HeSO., 25“ 

25“, 5 min. 

1 25“, 5 “ 

Ferric chloride 

Hydrogen peroxide 

Hydroxylamine hydrochloride. . . 
Sodium nitrite* 

Nitranilio acid 

Auric chloride t 

Chloroplatinio acid 

Mercuric sulfatcf 

Norit§ 

.•tmberlite IR-100-H§ 



* Reagent caused vasodilatation, 
t Inactivation performed on pure serotonin. 

t The activity was precipitated. Recovery after removal of with HjS has 
not exceeded 20 per cent. 

§ These adsorbents are listed because both are effective in removing activity , none 
of which has ever been eluted under a wide variety of conditions. 


Table III 

Inactivating Effect of pH on Purified Serum Vasoconstrictor at 97°* 


pH 



Per cent inactivation 


4.5-6 

1.5 
0.5 

7.5 
10.31 


.5 


360 

360 

240 

30 

10 


0 

0 

30-40 

20 

>90 


* Under nitrogen. 

t No inactivation in preceding 30 minutes at 25 . 


DISCUSSION 

• vatiou studies are difficult to appraise as evidence for the existence 
U groupings. It is clear, as has been pointed out (2), that a posi- 
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ear preparation was then compared as described (1) with controls contain- 
ing no reagent. No loss of activity was observed in the controls. Re- 
agent controls were performed; it was found that, at the concentrations 
employed, most of them did not exert significant effects. 

With several reagents e.xamined according to this scheme, the extent of 
inactivation was directly proportional to the quantity of reagent employed, 
while with others it was not (Table I). With still others, only qualitative 
observations were made, either because the reagents could not be adapted 


Table I 

Inaciimlion Reagents Studied Quantitatively 
97°, 5 minutes, pH 4 to 6. 


Reagent 

Concentritioa 

Quantity to in- 
activate 100 units 
of purified 
vasoconstrictor 

Potassium persulfate 

moles per 1. 

4 X 10“« 

micmi’ide 

0.006 

Iodine* 

5 X 10-^ 

0.006 

Potassium permanganate! 

5 X 10^ 

0.005 

Sodium bisulfite 

1 X 10“* 

0.03 

Pyridine perbromide bydrobromide 

5 X 10-* 

0.04 

Potassium ferricyanide 

5 X 10-* 

0.06 

Chloramine-T 

5 X lO"^ 

0.15 

Ceric sulfatet 

1 X 10-* 

1 X 10-* 

~0.01 

Potassium periodatef 

~0.02 

Iodic acidt 

5 X 10-« 

~O.0S 




* 3 minutes; 25°, 60 minutes, 
t 25°, 10 minutes. 

t Extent of inactivation not proportional to quantity of reagent. 


to the method described or because they did not appear to be sufficiently 
effective (Table II). 

The three most effective inactivating reagents have been tried on pure 
serotonin. Under closely similar conditions, within an e.xperimental enor 
of 20 per cent, the same quantity of iodine (or potassium persulfate) was 
required to inactivate 100 units of either the concentrate or pure serotonm. 
With potassium permanganate, twice as much reagent was required wi 
the less pure material. , 

Effect of pH — ^The inactivating effect of alkali was found to be muc 
more rapid than that of acid (Table III). The results obtained with aci 
were variable until the experiments were performed under mtrogen. 

Because of the sensitivity of the serum vasoconstrictor to alkali, 
alkaline reagents were not tried. Moreover, since the purified prepare i 
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was soluble only in water, non-aqueous reagents were not employed. 
The pH values of all inactivation reactions were below 7, most of them 
being between pll 4.5 and 6.0. 

Reagents found to be ineffective as inactivating agents are listed in Table 
IV. 


Table II 

Inaclhalion Reagents Studied Qualitatively 


RuEcnt 

CoDdltioDS for ioactivatioa of >50% 

Potassium dichrom.atc 

0.005 M, 37°, 3 hrs. 

0.001 “ 97°, 10 min. 

30% solution, diluted 1:1000, 97°, 6 min. 
0.001 M, 97°, 15 min. 

0.005 “ 25°, 3 hrs. 

0.01 “ 97°, 10 min. 

■1%, 25° 

10%, 25° 

10% in HSO,, 25° 

25°, 5 min. 

25°, 5 “ 

Ferric chloride 

Hydrogi>n pnroxido 

Hydro.vylaininc hydrochloride. . . 
Sodium nitrite* 

Nitranilic acid 

Auric chloridet 

Chloroplatinic acid 

Jfercurio sulfatcj 

Xorit§ 

.Unberlito IR-100-H§ 


* Reagent caused vasodilatation, 
t Inactivation performed on pure serotonin. 

t The activity was precipitated. Recovery after removal of Hg'*^ with HjS has 
not exeeeded 20 per cent. 

§ These adsorbents are listed because both are effective in removing activity , none 
of which has ever been eluted under a wide variety of conditions. 


Table III 

Inactivatinn Effect of pH on Purified Serum Vasoconstrictor at 97° 



* Under nitrogen. 

t No inactivation in preceding 30 minutes at 25 . 


DISCUSSION 

Inactivation studies are difficult to appraise as evidence emtence 

of chemical groupings. It is clear, as has been pointed out ( ), a a posi 
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tiv6 result indicRtes cliRRge iu tlie structure of tlie moleculej while Isck of 
inactivatioa does not necessarily preclude such change. When impure 
preparations are employed, an additional difficulty arises; namely, mactiva- 
tion may be due to a product of the reaction between the reagent and an 
impurity. Even more ambiguous is the reasoning that certain reagents ( 
react only with specific chemical groupings. Carrying out the inactivation 
studies on a quantitative basis, and in such a way that minimal handling 
was required before bioassay, made it easier to evaluate the findings. 

It is believed, on the basis of the results so far obtained, that serotonin 
has a sufficiently sensitive structure to permit most “classification” re- 


Table IV 

Reagents Causing No Inactivation under Conditions Employed 


Reagent 

Conditions 

Ferrous sulfate 

0 005 M, 97°, 10 min. 

Silver nitrate 

0 005 “ 97°, 10 “ 

Ninhydrin* 

0 005 “ 97°, 12 “ 

Formaldehyde 

40% solution, diluted 1:1000, 97°, 12 min 

Cupric sulfate - 

0.001 M, 97°, 10 min. 

Cuprous ovidef 

25° 

p-Chloromercuribenzoic acidt 

25° 

Diazomethane§ 

25° 

2, 4-Dinitrophenylhydrazine 

Suspension, 37°, 90 min. 

Amberlite IR-4B 

25°, 60 min. 


* Under these conditions, 30 per cent -inactivation of a- sample of pure serotonin 


was observed. The reagent has a weak constrictor effect, 
t Precipitate formed. The supernatant retained full activity. 

t Kindly supplied by Dr. T. P. Singer, Western Reserve University. 

§ Performed in methanolic solution on pure serotonin. Nitrogen liberated, no 
activity lost. 


agents to cause inactivation under relatively mild conditions. Howeveq 
because of this sensitivity to such a variety of reagents at relatively hig 
dilutions, it does not seem justifiable as a result of these studies alone o 
draw conclusions as to the presence of specific chemical groupings- 

Conditions may ultimately be found under which the reagents in Ta e 
I will cause relatively specific inactivation of serotonin. This requires 
determination of the mildest conditions which are still effective. For ev 
ample, it has been found that iodine is as effective at room temperatiire a 
at 97°, although the minimal time requirement, which is less than 1 onri 
must still be determined. 

The fact that iodine completely destroys the activity, and that 
quantity of iodine destroys the same number of units of activity o 
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pure serotonin and the concentrate only 0.75 per cent pure,- indicates that 
the total activity of the impure preparation is due, probably, to a single 
substance, namely serotonin. Additional evidence comes from the cor- 
relation of activity and color produced in the Ehrlich reaction^ in the course 
of further purification. If the sensitivity of the serotonin molecule is con- 
sidered in conjunction with its relatively high (25 to 35 per cent) recovery 
from serum in the concentrate, the conclusion seems justified that the vaso- 
constrictor property of serum, at least as measured in the rabbit ear 
preparation, is almost entirely due to serotonin. 

The authors wish to acknowledge the valuable assistance of Mr. John 
M. Means and Ziliss Elizabeth Hunt in this investigation. 

SUMM.VRY 

In order to determine which reagents were most suitable for abolishing 
the vasoconstrictor activity of serum, the inactivation of a beef serum 
vasoconstrictor (serotonin) concentrate by chemical reagents was studied. 
Certain oxidizing and halogenating agents, especially potassium persulfate, 
potassium permanganate, and iodine, were found to be effective at high 
dilution. By comparing the quantity of iodine required for inactivation of 
the concentrate and pure serotonin, evidence was obtained favoring the 
view that serotonin is solely responsible for the vasoconstrictor activity of 
serum. 


BIBLIOGRAPHY 

1. Rapport, M. M., Green, A. A., and Page, I. H., J . Biol. Chem., 174, 735 (1948). 

2. Brown, G. B., and du Vi gneaud, V., J. Biol. Chem., 141, 85 (1941). 

= The activity of pure serotonin is 100,000 units per mg. The concentrate contains 
750 units per mg. 

* Unpublished data (see Paper IV for the method). 
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tive result indicates change in the structure of the molecule, while lack of 
inactivation does not necessarily preclude such change. When impure 
preparations are employed, an additional difficulty arises; namely, inactiva- 
tion may be due to a product of the reaction between the reagent and an 
impurity. Even more ambiguous is the reasoning that certain reagents 
react only with specific chemical groupings. Carrying out the inactivation 
studies on a quantitative basis, and in such a way that minimal handling 
was required before bioassay, made it easier to evaluate the findings. 

It is believed, on the basis of the results so far obtained, that serotonin 
has a sufficiently sensitive structure to permit most “classification” re- 


Table IV 


Reagents Causing No Inactivation under Conditions Employed 


Reagent 

Conditions 

Ferrous sulfate 

0 005 M, 97°, 10 min. 

Silver nitrate 

0 005 “ 97°, 10 “ 

Ninhydnn* 

0 005 “ 97°, 12 “ 

Formaldehyde 

40% solution, diluted 1:1000, 97°, 12 mm 

Cupric sulfate 

0 001 M, 97°, 10 min. 

Cuprous o\idet 

25° 

p-Chloromercuribeuzoic acidj 

25° 

Diazomethane§ 

25° 

2, 4-Diiiitrophenylhydrazine 

Suspension, 37°, 90 min. 

Amberlite IR-4B 

25°, 60 min. 


* Under these conditions, 30 per cent inactivation of a sample of pure serotonm 
was observed. The reagent has a weak constrictor effect. 


t Precipitate formed. The supernatant retained full activity, 
t Kindly supplied by Dr. T. P. Singer, Western Reserve University. 

§ Performed in methanolic solution on pure serotonin. Nitrogen liberated; no 
activity lost. 


agents to cause inactivation under relatively mild conditions. However, 
because of this sensitivity to such a variety of reagents at relatively hig 
dilutions, it does not seem justifiable as a result of these studies alone to 
draw conclusions as to the presence of specific chemical groupings. 

Conditions may ultimately be found under which the reagents in Ta o 
I will cause relatively specific inactivation of serotonin. This requires 
determination of the mildest conditions which are still effective. For ev 
ample, it has been found that iodine is as effective at room temperature as 
at 97°, although the minimal time requirement, which is less than 1 our. 


must still be determined. 

The fact that iodine completely destroys the activity, and that the 
quantity of iodine destroys the same number of units of activity o o 
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pure serotonin and the concentrate only 0.7o per cent purc,= iu(licatc.i thaL 
the total activity of the impure preparation is due, probably, to a single 
substance, namely serotonin. Additional evidence comes from tlie cor- 
relation of activity and color produced in the Ehrlich reaction* in tlie cour '• 
of further purification. If the sensitivity of the serotonin molecule is con- 
sidered in conjunction with its relatively high (25 to 35 per cent) recover.* 
from serum in the concentrate, the conclusion seems justified that the Ya,-o. 
constrictor property of semm, at least as measured in the rabbit tar 
preparation, is almost entirely due to serotonin. 

The authoi-s wish to acknowledge the valuable assistance of ]tlr. John 
M. Cleans and Miss Elizabeth Hunt in this investigation. 

SU.MMAUY 

In order to determine which reagents were most suitable for abolidiinT 
the vasoconstrictor activity of serum, the inactivation of a beef «cru:n 
vasoconstrictor (serotonin) concentrate by chemical reagents was studied 
Certain oxidizing and halogenating agents, especially potassium persulfate' 
potassium permanganate, and iodine, were found to be effective at hieh 
dilution. By comparing the quantity of iodine required for inactivation of 
the concentrate and pure serotonin, evidence was obtained favoring ih 
view that serotonin is solely responsible for the vasoconstrictor activitv f 
serum. 
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* The activity of pure serotonin is 100,000 units per mg. 
750 units per mg. 

’ Unpublished data (see Paper IV for the method). 
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SERUM V/VSOCONSTRICTOR (SEROTONIN) 

IV. ISOL.VTIOX AND CHARACTERIZATION* 

Br ^LS.URICE M. ILVPPORT.t .VRDA ALDEN GREEN, and IRVINE H. PAGE 
(From Ihc Research Division of the Cleveland Clinic Foundation, Cleveland) 

(Received for publication, July 17, 1948) 

la the first paper of this series (1) the partial purification of a vasocoa- 
strictorsubstance from beef serum was reported. Further purification o 
the active substance led to its isolation. A Prehminary of he 

method together with analytical and pharmacological data 
published (2). It is the purpose of this paper to present the details of t e 
Lthod of isolation, the more complete analyses now at hand, and some 

ther characterizations of the substance. .i.-ffif-iilHes usually 

The problem of isolating this principle presented the difficulties usually 

encountered in vitamin research (3) in that the ^^bstancejas 

source mutoriul (boot seruoo) m u dry 

per cent. Initial obstacles were overcome vith PJP 

concentrate which was 0.8 per cent pure an ^ are calculated 

the activity originally present in the serum (the percentages 

from the activity of the pure substance). salt of 5-nitro- 

^ This concentrate was composed mairfy of the 

barbituric acid (the precipitating age )• complex, since repeated 

to be involved in this concentrate ^^Tphannes in activity of the crystals 
recrystallization did not effect importan losses of ac- 

so Sitained. After many procedures -f-^-^'fgVpe of the inac- 
tivity were tried, it was found possible to f P^ ^ per cent of the 
tive materials from the concentrate wi a os aqueous solu- 

total activity by precipitating them mth 

tion. Concentration of the filtrate and substance with vasocon- 

methyl alcohol led to the isolation o a ciys -j^j^tely tivice that of 

strictor action in the rabbit ear preparation approxim 

commercial epinephrine. 

experimental 

• 1 r,n +bp TCofler micro hot stage and are 

Melting points were determined on the Kofi 

corrected. ~ the United States Public 

* This study was supported m part by a gran ro 

Health Service, Cardiovascular Study SMtion^^^ Columbia University, College of 

t Present address. Department ot Me 
Physicians and Surgeons, New Yor 
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Isolalion — 28 gm. of concentrate, prepared as described (1) from about 
210 liters of beef serum (450 liters of blood) and containing 750 units' 
of activity per mg., were dissolved in 3.4 liters of boiling distilled water. 
3.5 liters of reagent grade acetone were then added to the hot (80°) solu- 
tion, resulting in the immediate formation of a copious, finely divided pre- 
cipitate. 

For convenience of operation, especially with regard to minimizing the 
time of heating and reducing the hazards attending the addition of the 
acetone to a solution whose temperature was above the boiling point ol 
acetone, this procedure was carried out in separate portions by employing 
one-seventh the quantities listed above, which were then combined. 

After chilling the mixture in the cold room overnight, the colorless pre 
cipitate was filtered by suction and washed with 50 per cent aqueous ace 
tone. This precipitate weighed 24.0 gm. and assayed at 25 units per mg 
The filtrate was then evaporated below 50° at reduced pressure under nitro 
gen to a volume of 245 ml. The precipitated material resulting from thii 
evaporation was dissolved by boiling the solution, the addition of 55 ml. o 
w'ater being required. 350 ml. of acetone were then added, the mixture wa 
left in the cold room 2 days, and then suction-filtered, giving 1.64 gm. o 
buff-colored precipitate assaying at 200 units per mg. The filtrate (con 
taining 18 million units) was then evaporated to dryness as before. Tb' 
residue was extracted with 50 ml. of 50 per cent aqueous methanol. Thii 
extract was evaporated to dryness, and the residue was extracted with K 
ml. of hot absolute methanol. On cooling, this extract deposited bro\vnisl 
yellow rosettes of prisms. The supernatant was decanted, and the crystal 
M'ere wmshed with methanol and acetone by decantation. After drying 
the crystals weighed 143 mg., m.p. 196-201° (decomposition); assay 80,000 
units per mg. 

The ciystals were recrystallized by dissolving them in 10 ml. of water 
and, at 60°, adding 35 ml. of acetone, giving, after washing and drying, 108 
mg. of light buff-colored, thin rhomboid plates, m.p. 207-212° (decomposi- 
tion) ; assay 100,000 units per mg. By adding 50 ml. of acetone, a second 
crop of 12.5 mg., m.p. 201-205° (decomposition), was obtained from the 
filtrate. 

The first crop material was again recrystallized from 6 ml. of water and 
18 ml. of acetone to give 93 mg. of light buff platelets, m.p. 209-212° (de- 
composition) ; assay 100,000 units per mg. By adding 75 ml. of acetone to 
the mother liquor, a second crop of 9.5 mg., m.p. 204-208° (decomposition), 
was obtained. 

* The unit of activity has been defined (1) as the response given in the rabbit ca 
preparation by 0.2 ml. of a solution containing 1.2 y per ml. of a purified serum vaso- 
constrictor preparation. 



M. M. IIAPPOUT, A. A. GllKEN, .VND I. H. PAGE 


1245 


The result described iibove represents the last “large scale” isolation 
effort and is the best one. The procedure has been carried out twice on the 
^ scale described, and several other times with about one-tenth this quantity 
. of concentrate. In each e.vperiraent, the pure active substance has shown 
f the same phj’sical and chemical properties. One of the two complications 
encountered in the less straightforward experiments was the presence of an 
impurity which had the same solubility characteristics in water, methanol, 
and acetone as the active substance and appeared to be inorganic, with a 
melting point near 200°. The other was the formation of diliturate com- 
plexes of variable composition (as revealed by ultraviolet absorption spec- 
tra) which were deposited b}’" the methanol extract and could not be sub- 
stantially purified by several reciystallizations from methanol. 

Variations from the procedure described which were employed in the 
previous experiments may have contributed to their less satisfactory results. 
Lack of additional concentrate prevented clarification of this point. 

McUing Point — This is a decomposition point, slight effervescence occur- 
ring at and slightly above it. The discoloration of the sample is slight and 
the melt is clear. The sharpest decomposition point, obtained on the first 
analytical sample, was 212-214°. The same sample, after 3 weeks, melted 
at 206-209°. The melting points were taken by a uniform procedure. 
Heating was begun below 50°, carried to within about 20° of the melting 
point at G-S° per minute, and at the decomposition point the rate of 
heating was 2-2.5° per minute. 

Elementary Analyses — Two samples, prepared from different batches of 
concentrate, were analyzed by two analytical laboratories. 

Ci,H:,0,NjS (405.4). Calculated. C41.47,H5.72,N17.2S,S 7.91, N-CHsS.Tl 
Sample I, m.p. 212-214“.^ Found. “ 41.38, “ 6.03, “ 16.97 

“ II, “ 209-212°.’ “ << 41.75, “ 5.87,“ 17.63,88.03, N-CH 32.99 

An analysis for ionic sulfate, performed according to the nephelometric 
procedure of Hoffman (4) on 0.50 and 0.75 mg. of Sample II, gave 21 and 
23 per cent sulfate. Ci 4 Hoi 03 N 5 -H 2 S 04 requires 23.7 per cent. The iso- 
lated material thus appears to be the sulfuric acid salt of an organic base.'* 

Solubility — Serotonin is soluble in water to the extent of 100 mg. per ml. 
at 50° and about 20 mg. per ml. at 27°. The substance is also soluble in 
glacial acetic acid. The pure material is very sparingly soluble in metha- 

’ Analyses by E. Thommen, Basel. 

’ Analyses by A. Elek, Los Angeles. 

* The name “serotonin” which was proposed for the isolated substance (2) should 
properly be reserved for the free base. The isolated material would then be serotonm 
i, sulfate. Since only the sulfate is considered in this communication, serotonin, when 
used, refers to the sulfate. 
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nol and 95 per cent ethanol, and insoluble in absolute ethanol, acetone, pyri- 
dine, chloroform, ethyl acetate, ether, and benzene. 

Optical Activity — A solution of 10.4 mg. of serotonin in 1.98 ml. of water 
showed no significant rotation at 31° in a 2 dm. tube. 

Ultraviolet Absorption Spectrum — ^The absorption spectrum of serotonin 
in aqueous solution at pH 3.5 has a maximum at 2750 A, a shoulder with a 



Fig. 1. Ultraviolet absorption spectra of serotonin (solid line) and tryptophan 
(dotted line) in water at pH 3.5. 

point of inflection at 2930 A, and a minimum at 2500 A (Fig. D- 
purposes of comparison, the absorption spectrum of tryptophan (Eastman 
Kodak) in water at pH 3.6 is also presented. With respect to the location 
of maxima and points of inflection, neither of the curves shows significn®*' 
change at pH 10.3. 

Potentiomelric Titration — 21.5 mg. of serotonin were dissolved in 5.0 ml. 
of water and titrated with 0.0157 N carbonate-free sodium hydro.xide at 
26°. pH values w^ere determined to the nearest 0.05 unit with a Beckman 
pH meter (glass electrode). Moles of acid or base combined per mole o 
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serotonin were calculated, assuming a molecular weight of 405 for seroto- 
nin The experimental points are plotted in Fig. 2. The line is the theo- 
V retical dissociation curve for pK'i of 4.9 and pK'o of 9.8. The titration was 
] not carried beyond pH 9.7 because of the inaccuracy of the electrode in 
this range and in order to prevent possible inactivation of the serotomn. 
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In a modification^ of the procedure of Graham et al. (7) for the Ehrlich 
p-dimethylaminobenzaldehyde reaction, 1 mole of serotonin gives a color 
equivalent to 1.10 moles of tryptophan. The final color is very similar for 
the two substances. 

In the Folin-Ciocalteu reaction (8), 1 mole of serotonin gives a color 
equivalent to 2.4 moles of tryptophan. 

The Sakaguchi reaction (9), the Brattou-Marshall method for diazotiz- 
able amines (10), the Gerngross-Voss-Herfeld reaction (11), and the Pauly 
diazo reaction for imidazoles (12) were all negative. In the latter two reac- 
tions, yellow colors w'ere obtained containing no trace of red. 

Quahtative ninhydrin, Molisch, and ferric chloride tests were negative. 
Serotonin heated wdth ninhydrin-sodium acetate produced a chrome yellow 
color. 

The pine splinter test served the purpose of a rapid semiquantitative 
assay in the final stages of the isolation when carried out in the follo\ving 
way. 2 drops of concentrated hydrochloric acid were placed on a tongue 
depressor and spread with a glass slide. When the excess hquid had soaked 
into the wood, a trace of the sample to be tested was rubbed on the pre- 
pared wood surface. Fractions having an activity of 35,000 units or more 
per mg. gave a deep red color. The activity of fractions which still gave 
a detectable test was about 10,000 units per mg. (10 per cent pure). 

Serotonin reduces ammoniacal silver nitrate, but the reaction is not a 
typical aldehyde response. In a test performed on 50 7 of substance, a - 
brown color formed within 1 minute, giving w'ay to a red-brown precipitate 
in several hours, in turn followed by a black precipitate with slight mirror 
formation in 24 hours, the supernatant solution remaining reddish in color. 
With silver nitrate at pH 5, a slight reddish color and a black precipitato 
were observed after about 12 hours. The reaction was probably the same 
in both cases, occurring more rapidly under basic conditions. 

With 10 per cent mercuric sulfate in 2.5 n sulfuric acid, serotonin, at a 
concentration of 1 mg. per ml., immediately forms a yellow precipitate 
which is very insoluble in water. 

Despite the high percentage of nitrogen, it has not been possible to ob 
tain a stable crystalline picrate with serotonin. 

Solid serotonin catalyzes the decomposition of the iodine-azide complex 
in the Feigl test (13). In solution, however, at a concentration of 1 

“ To 0.5 ml. of the teat solution, 1 drop of 2.5 per cent dimethylaminobenzalibK 
in 10 per cent H-SOj, 1 drop of 2 per cent NaNOs, and 2.S ml. of concentrate 
are added. After standing at room temperature for 20 minutes, 7.0 ml. of 50 
(by volume) ethanol are added. The color is read with a No. 54 filter in the ^ 
Summerson colorimeter. 
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. per ml., the test is negative. A positive result is reportedly attributable to 
thio ketones and mercaptans; but since all the sulfur in serotonin appears 
to be present in the form of sulfate, an impurity may be responsible for the 
j obseiA’ed result. 

' Serotonin rapidlj’’ reacts with iodine in aqueous solution to give a water- 
insoluble compound. It does not give the typical tryptophan reaction with 
bromine in aqueous solution, although intensification of color has been ob- 
serv’ed in methanol solution. 


DISCUSSION 

The absorption spectmm and color reactions of serotonin are strongly 
indicative of the presence of an indole nucleus. This evidence, in com- 
bination with biogenetic considerations, suggests a stmcture which may 
be closely related to tiyptophan or tr 3 q)tamine. However, pronounced 
differences are apparent, and the calculated empirical formula focuses at- 
tention on two especially interesting aspects of structure; namely, the high 
nitrogen content and the high degree of saturation. 

It is reasonable to assume that both of the groups revealed in the dis- 
sociation curve are basic in nature, since a sulfate salt is under considera- 
tion whose 0.01 M solution is at pH 3.6. Further, the absence of marked 
acidic properties, as revealed by lack of inactivation by diazomethane and 
non-adsorption on Amberlite IR-4B (14), supports this assumption. If, 
\ then, the two groups are basic, the stronger (pK'i = 4.2) approximates the 
I base strength of trimethylamine and is what might be expected for a /3- 
' arjd ethylamine such as tryptamine, while the weaker (pK^b = 9.1) has 
the basicity of aromatic amines such as aniline (pK'i. = 9.4) or N,N'- 
disubstituted guanidines such as creatinine (pK^i = 9.2). A third nitro- 
gen can be accounted for in the indole nucleus. To speculate on the dis- 
position of the remaining two nitrogens, they may be associated with the 
more weakly basic grouping in a disubstituted guanidine structure, or one 
or both may be combined in some grouping even less basic such as an amide. 
The formation of comple-xes with the amide type structure of difituric acid 
and the ease of formation of ammonia on treatment with aqueous allvah® 
are consistent with these alternatives. 

No primary amino groups are believed to be present in the molecule. 
The negative diazotizable amine test rules out aromatic primaiy amino 
groups, while the failure to form any red or violet coloration vith iiinhy- 
drin-sodium acetate would seem to do the same for aliphatic primary 
/amines. 

I The absence of quaternary nitrogen is indicated by the distillation, in a 
\ ‘ Unpublished e.xperiments. 
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microsublimation apparatus, of a small sample of the free base, with ap- 
parent retention of full activity.’' 

Nothing is yet known of the disposition of the oxygen functions. 

From the standpoint of chemical and pharmacological activity, the 
marked reducing power of serotonin, as evidenced by the reduction of gold, 
silver, and platinum salts, seems worth emphasizing. The results obtained 
by inactivation studies (14) would appear to be explained by this property 
in conjunction with the presence of the indole fragment. The reduction of 
the Folin reagent by serotonin to the extent of 2.4 times the reduction by 
tryptophan, mole for mole, indicates the presence of a second reducing 
group in addition to the indole nucleus. Epinephrine, the second most 
active constrictor substance in the perfused rabbit ear vessels, causes a 
mole for mole reduction of 3.0 times the reduction by tryrptophan. 

The similarity in chemical and biological activity of serotonin and epi- 
nephrine is apparent. The further structural similarity (one contains the 
indole ring system, the other is closely related to it) suggests the possi- 
bility that clarification of the structure of serotonin may reveal a more 
general relation between chemical structure and vasoconstrictor action 
than has been obtained by studying modifications of epinephrine struc- 
ture. 

We wish to acknowdedge the valuable assistance of Miss Elizabeth Hunt 
and Mr. John Means, and to thank Dr. Hans Hirschmann of Western Re- 
sen’^e University for cooperation in determining the optical activity. 

SUiliLARY 

Details of the method of isolating crystalline beef serum vasoconstrictor 
(serotonin) from a purified concentrate are presented. The color reaction 
and ultraviolet absorption spectrum indicate the presence of an indoe 
nucleus in the structure. The structural implications of evidence based on 
color reactions and potentiometric titration are discussed. 
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Most of the earlier procedures used for separating starch into amylose, 
the linear unbranched component, and amylopectin, the branched chain 
component (1, 2), have involved degradation and hydrolysis of the starch 
molecules. During the last few years, however, a number of methods have 
been proposed which fulfil, more or less, the necessary requirement of pro- 
tecting the starch constituents from degradation. The more important of 
these methods for the separation of amylose from starch is based on its 
selective diffusibility in water at 60° or 80° (1, 3), precipitability with bu- 
tanol (-1), thymol (5), or nitroparaffins (6), and adsorbability on cellulose 
(7). It is shown in this communication that these methods fail to effect 
clear-cut as well as quantitative separation of the two starch fractions, 
white the purity of the products obtained is also variable. It has been 
possible, by suitable combination of certain of these procedures, to pre- 
pare amylose and amylopectin, judged for their purity by the intensity of 

I their iodine colorations under standard conditions, and to determine their 
e.vact percentages in any starch preparation by reference to a calibrated 
curve for intensity of iodine coloration with known mixtures of the pure 
fractions (3). 


EXPERIMENTAL 

Preparaiion of Starch— The major part of the studies reported here was 
carried out with a sample of starch prepared from a local variety of peas 
(Pisum sativum ) . The seeds, softened by soaking overnight in water, were 
ground to a not too fine consistency and the mash was extruded through a 
cloth bag into a sufficient volume of distilled water. The residual pulp 
was mashed and pressed out a second time. The combined extract was 
let stand and the sludge which separated was purified of proteinaceous 
material by repeated agitation and settling. The starch suspension was 
finally lineaded through muslin into water and centrifuged to separate the 
I starch, which was washed successively with 20 and 80 per cent ethanol and 
I allowed to dry at room temperature (28°) . Analysis of the product gave 
\0.88 per cent protein, 0.25 per cent ether extractive, and 12.75 per cent 
moisture. 
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Determination of Iodine Coloration— The intensity of color developed ii 
a 2 mg. per cent solution of starch or of the various starch fractions, on 
addition of a solution of iodine in potassium iodide to a final concentration 
of 4 mg. per cent of iodine, was measured in a 10 mm. cell by a Hett 
Summerson photoelectric colorimeter with Filter Kee in position (3). The 
colorimeter was initially adjusted so that the blank, which had a light yellow 
color due to the iodine in solution, gave a zero reading; the color measure- 
ments recorded are in terms of scale readings in the instrument. 

Fractionation of Starch by Selective Extraction of Amylase with Hot Wata 
— 5 gm. of air-dry starch, mixed with water to avoid lump formation, were 
treated with about 300 ml. of water at 60" and the suspension maintained 
at this temperature for 4 hours with slow stirring. It was then centrifuged 
at 3000 E.P.M. and the supernatant passed through a sintered glass No. I 


Table I 

Exlraclton of Starch with Water at 60° 



On dxy basis 

1 Intensity of iodine color (scale 

1 readings)* 


Yield 1 1 

Yield 2 

Yields 

Yield 1 

Yield 2 

1 Yield 3 

! 

Original starch 

per cent 

per cent 

per cent 

143 

149 

148 

Fraction I 

14.4 

14.7 

15 8 

279 

271 

269 

“ II 

0 9 

0.6 

Trace 

181 

180 

200 

“ III 

84 5 

85.3 

83.5 

101 

103 


* Klett-Summerson colorimeter. 


filter, which was fotmd more convenient to use than filter paper coated with 
Hyflo Super-Cel, as recommended in the original procedure (3). The clear 
filtrate, after addition of methanol to a concentration of 20 per cent volunir 
per voliune, was let stand for 48 hours. At the end of this period, the pifr 
cipitated amydose (Fraction I) was filtered through a sintered glass N^ ^ 
crucible, washed wth 95 per cent ethanol, and finally with absolute alco o 
before drying in a vacuiun oven. The filtrate was further treated m 
methanol to 50 per cent volume per volume strength and allowed to se 
as before. The precipitate (Fraction II) was filtered, washed, and drie 
constant weight. 

The gelatinous residue remaining after the centrifuging of the 
starch suspension was groimd well, dehydrated by repeated additions 
alcohol, filtered, and dried in vacuo (Fraction III). Table I gives a =0 ^ 
typical results obtained together with the iodine colorations of the s 
and of the different fractions. 

In the set of experiments given in Table II, the temperature of fee i 
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tion was kept at S0°, as recommeuded by IMeyer (1); the procedure was 
otherwise the same as tluit dcaciibcd above. 

Fractionations of pea starcli and of the crude amylopectin (Fraction III, 
Table I) were also attempted by treatment for 48 hours at room tempera- 
ture with 1.2 chloral hydrate solution in water, as recommended by Meyer. 
The products obtained gave iodine coloration averaging 74 and 67 re- 
spectively; by using chloral hydrate solution at 80°, the corresponding color 
readings were 54 and oG. 


Table II 

Fractionation of Starch with Water at 80° 



Yield 1 

Yield 2 

Intensity of iodine color* 

i 


1 

Yield 1 

Yield 2 

1 

Fraction I .... . | 

per uni 1 

16.0 

1 ptr cent 

16 3 

220 

224 

“ II .. . 1 

“ III . j 

Trace 

82 9 j 

Trace 

79 6 

114 

104 


• See Table I. 


Table III 

Fractionation by Butanol Extraction 


Fraction 

Yield 1 

Yield 2 

j Iodine coloration* 


1 Yield 1 

Yield 2 

Butanol-pptd. by autoclaving 

per cent 

38 6 

per cent 

39 2 

243 

241 

“ “ Waring blendor 

39 5 

39 4 

234 

230 

Butanol-non-pptd. by autoclaving 

60 7 

59 9 

52 

49 

“ “ Waring blendor 

59.4 

60 7 

47 

50 


* See Table I. 


Praclionaiion by Selective Precipitation of Atnylose with Butanol — 
Schoch’s butanol precipitation method (4) was closely followed, e.Kcept for 
the purification of the separated amylose by recrystallization from the 
boiling water-butanol mixture. Since it was thought that some hydrolytic 
degradation of starch was likely to occur as a result of the high temperature 
treatment under pressure, an attempt was made to eliminate autoclaving 
jn Schoch's procedure by securing dispersion of starch wdth high speed stir- 
ring. A properly gelatinized paste of 5 gm. of starch in about 500 ml. of 
boiling water was treated in a Waring blendor in two lots for 5 minutes each. 
Subsequent separation of the starch fractions was effected as described by 
Schoch. Tjrpical results, by both procedures, are given in Table III. 
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Fractional Precipitation of Amylose with Thymol— The high speed stirring 
recommended by Haworth et al. (5) did not result in sufficient dispersion 
and it was found more effective to use a Waring blendor for fliHing dis- 
persion. The results obtained by this method are shown in Table IV. 

Fractionation by Preferential Adsorption of Amylose on Cotton— Wiih. a 
1 per cent starch paste, gelatmized and dispersed in a Waring blendor 
according to the procedure of Pacsu and Mullen (7), not more than 0.3 per 
cent of amylose (iodine coloration, average 223) was obtainable, therefore 
suggesting that preferential adsorption of amylose on the cotton used was 
far from satisfactory; somewhat similar results were obtained by using 
filter paper pulp as an adsorbent. 


Table IV 

Fractionation by Thymol Extraction 


Fraction 

Viddl 

Yield 2 

Yield 3 

Iodine coloration* 

Yield 1 

Yield 2 

Yield 3 

Thymol-pptd 

per cent 

39.7 

60.1 

per cent 

39.9 

60.2 

per cent 

40.7 

59.1 

222 

50 

220 

52 

208 

45 

Thymol-non-pptd 




* See Table I. 


DISCUSSION OP BESULTS 

The pronounced difference in the affinity of amylose and amylopectin 
for iodine has formed the basis for the determination of their relative pro- 
portions in starches potentiometricaUy (8), absorptiometricaUy (3), or 
spectrophotornetrically (9, 10). On the assumption that the intensity of 
iodine coloration with amylose or amylopectin fractions will be determined 
by their respective freedom from each other, it becomes apparent that the 
higher the scale reading, the purer will be the fraction in respect to its amy- 
lose content, and that, conversely, purity with regard to amylopectin will 
be connoted by the lowest scale reading. Based on this criterion, it would 
follow from the data presented here (Tables I to IV) that no single method ef- 
fects simultaneously efficient and quantitative separation of the two starch 
fractions. The procedure of McCready and Hassid (Table I) gives, in one 
^p, the purest amylose fraction, judging from its iodine-staining property: 
its solubility is, however, only of the order of 15 per cent, which is very 
low. That the amylopectin fraction obtained here is admbced with a hig 
amount of amylose is evident from the values for iodine coloration as coni 
pared to the amylopectin fraction obtained by the procedures of Schoc 
(Table HI) and of Haw^orth et al. (Table TV). The amylose fraction yielded 
by Meyer's extraction procedure (Table II) is only about 80 per cent as 
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pure as the corresponding fraction obtained according to the method of 
i\rcCready and Hassid; this is no doubt due to the fractionation tempera- 
ture being near the gelatinization point of the starch and consequent con- 



:amination with amylopectin by from 

granules. The use of chloral hydrate sol ^^bout 6 to 10 per 

idmbced amylose resulted in a product st 
sent of amylose. 
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Both butanol and thymol undoubtedly effect very much better fractiona- 
tion of the starch components than does extraction with hot water, and, 
indeed, the yields of amylose and amylopectin correspond more nearly to the 
correct values deduced below than do those obtained by hot water extrac- 
tion. However, it is clear from a comparison of the iodine coloration of 
amylose fractions (Tables III and IV) that they are respectively only about 
So and 77 per cent as pure as that obtained by the McCready and Hassid 
method. It has been possible to obtain pure amylose by successive re- 
crystallizations from boiling water-butanol mixtures as recommended by 
Schoch (4, 11), but, the yields being no longer quantitative, it appeared 
preferable to do so in a single extraction with hot water at 60°. 

Although the amylopectin fractions obtained by selective precipitation 
with butanol or thymol have given the lowest intensity of iodine coloration 


Table V 

Fraclionalion of Mung Starch 


Starch analysis ' 


Moisture, % 

13.50 

Proteins, % 

0.69 

Ether extractives, % 

0.23 

Iodine coloration of starch* 

127 

“ “ “ amylose fraction* 

287 

“ “ “ amylopectin fraction* . 

34 

Amvlose (from Fig. 2),% j 

36.8 

Amylopectin (from Fig. 2), % I 

63.2 





* Scale readings, Klett-Summerson colorimeter. 


of all the methods studied, it was felt that, since it is always the residue m 
the mother liquor after the amylose had been precipitated, amylopectin 
may not be easily obtainable in as pure a form as the amylose component. 
We therefore attempted to ascertain whether by butanol fractionation o 
the residue from the hot water treatment of starch at 60° (Fraction Ih) 
Table I) a purer preparation of amylopectin could be obtained than by 
Schoch’s method from the original starch. By this procedure, a produc 
was secured which gave an iodine coloration of only 43 or 44 units. Tins 
was the purest amylopectin obtainable; a product with similar purity co 
also be prepared by thymaol fractionation of crude amylopectin. 

Pure preparations of amylose and amylopectin can thus be obtains 
one and two operations, respectively, by a combination of the features 
hlcCready and Hassid’s method for amylose and that of Schoch 
Haworth et al. for amylopectin. By using various proportions of the s ^ ^ 
components prepared as above, the color intensities of the mixtures 
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solution (- nig per 100 ml.) with iodine can be plotted against per cent 
concentration of the two tractions when a linear relationship similar to that 
reported by I^IcCready^and Hassid (3) is obtained (Fig. 1), and from which 



$ Aaylopectin 

Fig. 2. Color intensities of mixtures of amylose and amylopectin from mung 
- starch with iodine. 


^ter ascertaining the color intensity of the original starch with iodine under 
identical conditions, its proportions of the two constituents can be read; 
the latter can also be deduced by simple extrapolation, as there is strict 
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proportionality between color intensity with iodine and amylose or amylo- 
pectin content. In this way, the preparation of pure starch used in these 
studies, with its iodine coloration of 147 (Table I), can be observed to con- 
sist of 45.0 per cent amylose and 55.0 per cent amylopectin. 

By the foregoing procedures for the preparation of pure amylose and 
amylopectin fractions, and by using a preparation of mung (PJmeohs 
radialus) starch, the resulting observations are given in Table V and in 
Fig. 2. 

Differences such as are recorded here in intensities of iodine coloration 
with pure amylose or amylopectin preparations from natural starches are 
bound to exist because of possible heterogeneity as to molecular size as well 
as, with amylopectin, to variations in the degree of branching (c/. (8)). 

Although the various methods for the fractionation of starch examined 
here do not effect a clear-cut and quantitative separation of the unbranched 
and branched components in their pure state, fractionation by selective 
precipitation of amylose with butanol or with thymol, as recommended by 
Schoch (4) and by Haworth et al. (5), gives an approximate idea of the rela- 
tive proportions of the two constituents. However, to obtain them in a 
pure state for examination of their individual properties-or for a precise eval- 
uation of their percentages in any starch sample by reference to a calibrated 
curve or by extrapolation, as described here, it would appear necessary to 
resort to a combination of procedures involving the properties of amylose 
for selective diffusibility in water at 60° and precipitability with butanol- 
or thymol-saturated water. 


SUiDUARY 

1. A comparative study has been made of the procedures for the fraction- 
ation of starch based on the differential solubilities of amylose and amylo- 
pectin in hot water and in butanol- or thymol-saturated water. 

2. It is shown that the method of e.xtraction with hot water at 60° yieW® 
an amylose fraction which is the purest obtainable, judged from the in- 
tensity of its coloration with iodine; amylose separation is not, however, 
quantitative. 

3. Fractionation of starch by selective precipitation of amylose wi 
butanol or thymol gives only a rough indication of the relative proportions 
of the linear and branched components; besides, separation, as judged ) 
the iodine-staining properties of the products obtained, is not clear-cu^- 

4. A procedure is outlined for obtaining highly pure preparatio^ 
amylose and amylopectin from a starch sample. By quantitatively de 
mining the color intensities of the starch and of known mixtures of its amy 
lose and amylopectin fractions with iodine, their proportions in the to 
can be precisely estimated. 
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THE INCORPORATIOX OF ACETATE AND BUTYRATE CARBON 
INTO RAT LIVER GLYCOGEN BY PATHWAYS OTHER 
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This investigation was undertaken to study, by use of acetic and butyric 
acids labeled with C‘^, the conversion in the intact animal of lower fatty 
acid carbon to liver glj'cogen in order to help explain the intermediate re- 
actions linking fat and carbohydrate metabolism in the intact animal. It 
appears certain that such conversion does occur for both of these acids (1). 

Classically, a dietar}’’ constituent has been considered a glycogen former 
if, after its administration, a net increase in glycogen is found over and 
above that of the control. By this criterion, there is no general agreement 
whether acetate and butyrate are glycogen formers. However, the carbon 
of a fatty acid could enter liver glycogen without effecting a net increase 
^ in the glycogen. For example, carbon could enter because of the constant 
^ turnover between carbohydrate and its precursors. Furthermore, because 
I of the influence of the djmamic equilibrium between fats, proteins, and 
carbohydrates there could actually be a decrease in glycogen after admin- 
istration of a fatty acid and still carbon of the fatty acid could enter the 
latter. Similarly, a net increase in glycogen could conceivably occur with- 
out transfer of carbon from the fatty acid to glycogen. The question of 
whether acetate and butyrate are liver glycogen formers in the classical 
sense is different from that being considered in the present work; namely, 
whether the carbon of these fatty acids is incorporated into liver glycogen. 

The fatty acids in question are relatively rapidly metabolized to COj (1), 
and CO 2 itself can be incorporated into liver glycogen (2). The biochemi- 
cal significance of the presence of fatty acid carbon in glycogen therefore 
depends to a considerable degree upon (a) whether all such carbon entered 
glycogen via CO 2 fixation or (b) whether some entered by another route 
without first being converted to CO 2 . 

It is possible to degrade the glucose units of liver glycogen to locate the 

I * This work was supported iu part by grants from the Graduate School of the 
\ University of Minnesota and from the American Cancer Society on the recommenda- 
tion, of the Cominittee on Growth of the iCational Research Council. 
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position of the labeled carbon (2) . In the case of CO2 fixation, the isotopic 
carbon has been detected only in positions 3 and 4 of the glucose (2).‘ 
Should the heavy carbon in glycogen isolated after feeding isotopic fatty 
acid appear in positions other than 3 and 4, this -would be rather conviucing 
evidence that a pathway other than CO2 fixation was involved. la the 
experiments to be reported, the distribution of has been determined in 
rat liver glycogen after the administration, respectively, of each of the fol- 
lowing acids: CHjCi’OOH, CWH3COOH, Ci^HaC^OOH, CHsCH.CHr 
. Ci^OOH, CH3CH2C13H2COOH, CH3C13H2CH2COOH. Evidence has been 
obtained which indicates that these acids are converted to glycogen by 
another route in addition to CO2 fixation, and some indications have been 
obtained as to the mechanisms of these conversions. Preliminary reports 
of this work have been published previously (3-5). 

Methods 

Preparation of Isotopic Fatly Acids — The carboxyl-labeled fatty acids 
*' were prepared by the Grignard reaction from the appropriate bromide and 
isotopic CO2. Purity of these acids was checked by determination of ti- 
tratable acidity, total carbon, and partition coefldcients (6) ; all agreed with 
theoretical values except the partition coefficient of the CHs-CHj-CHr 
C‘®OOH, which was 30.6 as compared with 31.1 for known butyric acid. 

The C'^HsCOOH was synthesized by a modification of the method of 
Anker (7). The purity of this and the following compounds was estab- 
lished by the same procedures that were used with the carboxyl-labeled 
acids. Agreement with theory was satisfactory unless otherwise indicated. 

The C^^Hs'C'^OOH was synthesized by a procedure which was based 
upon the method of Cramer and Kistiakowsky (8). In the modification 
50 mM of BaC'^Oa were used. The acetylene-hydrogen mixture as formed 
on hydrolysis of the barium carbide magnesium was collected over water 
in a 3 liter flask and was then passed through a sintered glass disk into 
150 ml. of boiling catalyzing solution. The resulting aldehyde was col- 
lected in 50 ml. of 5 per cent sodium bisulfite. The outgoing gas was col- 
lected and again passed through the catalyzing solution. The aldehyde 
was distilled from the bisulfite, after addition of calcium carbonate, and 
■was oxidized to acetic acid by the dichromate method of Stahly et al. (9)- 

Butyric acid labeled in the a position with was prepared by the fol- 

' In experiments carried out subsequently with C“0-, it has been found that 
actually a trace of isotope does appear in carbon atoms 1, 2, 5, and 6. The speci « 
activity of these positions has been found to be 1 to 2 per cent of that of carbon atom 
3 and 4. 
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lowing series of reactions. Carbo.Kyl-labeled sodium propionate was syn- 
thesized by the Grignard reaction and converted into the ethyl ester by 
heating with diethyl sulfate. The procedure was similar to the synthesis 
of carbo.sjd-labcled ethyl acetate (10). The ethyl propionate was then 
hydrogenated at 250° and 220 atmospheres by use of the copper-barium- 
chromium oxide catalyst (11, 12). The mixture of ethyl and propyl alco- 
hols was converted into a mixture of the corresponding iodides by heating 
with constant boiling hydriodic acid (13). The iodides were separated by 
fractionation. This separation was not complete and there was some non- 
labeled ethyl iodide in the propyl iodide fraction. The isotopic propyl 
iodide was converted into a-labeled butyric acid by the Grignard reaction. 
The over-all yield was 22 per cent of the theory. From 60 mxi of isotopic 
BaCOj, as determined by the partition coefficient, 13.1 mxi of a-labeled 
butyric acid were obtained, mixed with 5.3 mM of non-isotopic propionate. 

Butyric acid labeled in the /3 position with was synthesized by the 
following procedure. Carboxyl-labeled acetic acid was esterified with n- 
butyl alcohol and hydrogenated at 250° and 220 atmospheres with the 
copper-barium-chromium oxide catalyst. The mixture of ethyl and butyl 
alcohols was converted into the corresponding mixture of iodides and frac- 
tionated. The isotopic ethyl iodide was converted into butyric acid by 
the malonic ester procedure (14). The butyric acid and some non-labeled 
acetic acid from the malonic ester were converted into the methyl esters 
by heating the potassium salts with dimethyl sulfate and purified by frac- 
tionation. The methyl butyrate was saponified, and the butyric acid iden- 
tified by determination of the partition coefficient. The over-all yield was 
25 per cent. From 93.5 mM of sodium acetate 24.5 mii of /3-labeled butyric 
acid mixed with 0.96 mil of non-isotopic acetic acid were obtained. 

Before administration to the experimental animals, the solution of the 
sodium salt was made just acid to phenolphthalein by the addition of HCl. 

General Experimental Procedure — ^The procedure of Buchanan et ai. (1) has 
been adopted, in which glucose is fed to fasted rats, together with the 
isotopic fatty acid. Under such conditions a net deposition of isotope- 
containing glycogen occurs and there is relatively minor dilution of the 
newly formed glycogen by preformed non-isotopic glycogen. 

Table I contains data concerning the animals used, the material admin- 
istered, the liver weight, and the quantity of liver glycogen recovered. 

Rats, 120 to 240 gm. in weight, raised on a diet of Promax rat food, were 
fasted for approximately 24 hours. Immediately after their teeth were 
clipped, the rats were fed by stomach tube a solution containing 1.7 to 

^ Analysis by manufacturer, in per cent, protein 29.5, fat 8.40, fiber 2.S, nitrogen 
free e.xtract 41.45, moisture 9.00, ash 8.85, calcium 1.20, phosphorus 1.14. 
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mji of fatty acid and 353 to 477 mg. of glucose per 100 gm. of body weight. 
The total volume administered was usually such as to make the glucose 
concentration 20 per cent. 


Table I 


General Experimental Data 


Rat 

No. 

Weight 

after 

fast 

Sei 

Dura. 

tion 

of 

fast 

Fatty add administered 

Amoun 

admin. 

istered 

Glu- 

cose 

admin- 

istered 

Liver 

weight 

Livtr 
Slyco- 
gen (as 
glu-; 
cose) 






mjir per 

mg. per 




£m. 


hrs. 


100 cm. 

100 cm. 

gm. 

PIf. 




body 

body 






weight 

'iVeight 



33 

234 

o’ 

24 

CH3C*’'00H 

2.5 

400 

8.4I 

29 

34 

215 

& 

24 

it 

2.5 

400 

7.6 

38 

215 

9 

50 


2.5 

400 

5.S 

81 

100 

155 

9 

24 

C^HaCOOH 

2.4 

390 

5.5I 

188 

101 

148 

9 

24 


2.4 

400 

5. SI 

102 

153 

9 

24 


2.4 

400 

S .8\ 

116 

103 

165 

9 

24 


2.5 

400 

5.5/ 

51 

190 

o’ 

24 

C^HsC^OOH 

2.9 

420 

5.6 

35 

63 

210 

o’ 

27 

(( 

2.7 

410 

7.5 

100 

64 

210 

c? 

27 

(( 

2.7 

410 

7.4 

85 

69 

200 

9 

24 

(( 

2.8 

450 

s.ol 


70 

200 

9 

24 

(( 

2.8 

450 

5.2 


71 

183 

9 

24 

(i 

2.8 

438 

6.7 


72 

179 

9 

24 

ti 

2.8 

438 

6.3[ 

500 

73 

125 

cf 

24 

“ 

2.3 

400 

4.9 


74 

135 

o’ 

24 

n 

2.3 

400 

5.5 


75 

140 

o’ 

24 

it 

2.3 

400 

5.5 


53 

240 

o’ 

24 

CHjCHsCHjCi’OOH 

2.6 

417 

8.3 

115 

67 

230 

o’ 

24 

<( 

2.5 

400 

6.7 

90 

81 

140 


24 

CHjCHsCi’HiCOOH 

1.82* 

408 

6.3 

140 

82 

155 

o’ 

24 

if 

1.79* 

402 

6.2] 


S 3 

160 

o’ 

24 

it 

1.81* 

406 

6.6 

378 

84 

140 

o’ 

24 

it 

1.74* 

390 

6.1J 


89 

140 

o’ 

24 

CHaC'SHjCHiCOOH 

2.5 

400 

6.1 

129 

90 

130 

o’ 

24 

a 

2.5 

400 

6.2 

96 

91 

130 

o’ 

24 

It 

2.5 

400 

5.5 

91 

92 

130 

o’ 

24 

it 

2.5 

400 

5.8 

105 


The solution contained appreciable amounts of non-isotopic propionate. 


The animals were placed in a metabolism chamber for collection of their 
respiratory CO 2 in NaOH, as previously described (2), with the modifi- 
cation that in the experiments other than those with carboxyl-labeled acids 
both the alkali and air were stirred. There were three collection periods 
of 50 minutes each, between which the chamber was opened for changioS 
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the aUmli, a series of mauipulatious requiring less than a minute m near y 
all cases. The CO 2 content of a sample of the air of the chambei take ■ 
at the end of each of two collection periods was found to be 0.16 and 0. • 
per cent respectively. Since the total volume of the chamber was about 
flLvs it ly be cetimetccl that soeae 20 ml. of 00= 
per period or less than 3 niM for an entire experiment The CO 2 content 
of the alkali was measured by analyzing an aliquot m the manometnc Van 

^^UsuSrS^hours after feeding the fatty acid-glucose solution the rats 

® Aich ae prirtc S Kramer, and^Somogyi 06) 

previously noted (2), when the gly^g and Folch tech- 

carbon, as determined by ^ ^ of tl^e glucose estimated by 

the corresponding values were 94 Per re- 

The 6'y‘^°e-.;vas converted 0.25 ,oid, 

move any volatile C fatty aciQ, j to 1 n bv evaporation to 

which was concentrated 

one-fourth the original volume. +;mp=; whereupon the hydrolysis 

water and the concentration repea e ^ ^ hydrolysate was decolorized 

was completed in the remaining Naci . . ^ Oy either the Shaffer- 

with charcoal and filtered. Glucose (19). 

Hartmann method (18) or the me o chemical, were carried 

Two types of degradation Slucose, degi-adation the glucose 

out as previously described (2). n oxidized with KMnO* 

is fermented to lactic acid ai^ t len ® jg fum converted by the 

to acetaldehyde and COo. The ace In this manner the carbons 

iodoform reaction to iodoform an orm twining respectively car- 

of the glucose are obtained m three fractions 
bon atoms 3 and 4, 2 and 5, an an 

CH3.CHOH.COOH->CH3.CHO + C^. 

CHI, -b HCOOH 
1,6 2,5 

‘A^rraA Hirpctlv witli pcrsulfs-tG 

In several instances f P^eiodofom reaction; thus carbon atoms 

(20) instead of being subjected to the ion 


CcHnOe 


1,6 2,5 

CH,-CHO, 
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1, 2, 5, and 6 were obtained in one fraction. Ether extraction of the 
lactic acid was performed only in experiments on Rats 69 to 75 and 
Rats 100 to 103; in other instances the oxidation was carried out 
directly on the centrifuged solution from the bacterial fermentation. 

In the chemical degradation, with limitations as described previously 
(2) and in this communication, carbon atoms 3 and 6 are obtained as in- 
dividual fractions and carbon atoms 1, 2, 4, and 5 as a third fraction. 

Methyl glucoside HCOOH -i- CHCOGHjl-CHO CHO-CH-CH.OH 

I 0 1 

4HCOOH + ECHO + CH,OH 
1,2, 4, 5 6 

Heavy carbon was determined with the mass spectrometer. The values 
are expressed as atom per cent excess C*®, i.e. in excess of normal (un- 
enriched) carbon, commercial reagent grade BaCOs being employed as a 
source of a COa standard in calibrating the mass spectrometer. The maxi- 
mum difference in content between this standard and normal rat liver 
glycogen was found to be 0.005 atom per cent. Whereas this result might 
indicate 0.005 to be the expected experimental variation, it has been our 
procedure not to place significance on values less than 0.02 atom per cent 
in e.xcess of normal. Thus a margin is provided for possible incomplete 
separation of the isotopic and non-isotopic compounds. 

In a control experiment non-isotopic acetate was administered to the 
animal, but at the time the liver was placed in KOH, carboxyl-labeled ace- 
tate was also added to the alkali. Significant amounts of excess were 
not found in the glycogen (see Table II, results for Rat 35). 

RESULTS AND DISCUSSION 

The discussion will take the following order. First the data on the rela- 
tive distribution of the isotope in the glucose unit of the glycogen will be 
considered for each of the different types of labeled acids. Ne.xt evidence 
\vill be presented which shows that these acids are converted to glycogen 
by a pathway in addition to that of CO 2 fixation. Finally the intermediary 
mechanism of metabolism of acetate and butyrate will be considered in 
relation to the tricarboxylic acid cycle and glycogen synthesis. 

Dislribiition of Isotope in Glucose from Liver Glycogen 

The distribution of in the liver glycogen following the administration 
of labeled fatty acids is sho^vn in Table II; the values are from both the 
bacterial and chemical degradations. Although there are some discrep- 
ancies between results by the two methods, which will be considered later. 



Tahle II 

Dislribulion of C‘>.in Liver Glycogen after Adminislration of Labeled Fatly Acids 
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Mg. of CO 2 in sample (f) 28.5, (t) 8.2, (§) 19.8, (|1) 15.0, (1!) 14.9. 
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the over-all results can be summarized from the data as given. It is seen 
that with both carbo-xyl-labeled acetic and butyric acids glucose was ob- 
tained in which the isotope was predominantly in the 3 and 4 positions. 
There w'as little or no excess in the 2,5 and 1,6 positions. This fact has 
been indicated in the last column of Table II by means of a G-carbon skele- 
ton (C — C — C* — C* — C — C) in w'hich the asterisk locates the preponder- 
ance of isotope. A similar glucose is obtained ivith the /3-labeled butyrate. 
On the other hand, with methyl-labeled and doubly labeled acetate and 
with a-labeled butyrate, a significant concentration of isotope was found in 
all degradation fractions and the indications are that each position of the 
glucose contained isotope. In the case of the methyl-labeled acetate and 
a-labeled butyrate the 3 and 4 positions contained a smaller but significant 
excess of isotope than the other positions, and this type of glucose has been 
indicated as f ollow's : C*— C*— C®— C»— C*— C*. With the doubly labeled 
acetate all positions were high, but the 3 and 4 positions were the highest. 

Before further consideration is given to the significance of these data, the 
reliability of the degradation procedures will be discussed. It will be noted 
in Table II that whenever there was an excess of isotope in the 2,5 and 1,6 
positions as obtained by the bacterial degradation the concentrations were 
usually of the same order of magnitude in the two fractions, but frequently 
the 1 and 6 positions contained somewhat less excess than did the 2 
and 5 positions. It was of considerable importance to establish whether 
or not these small differences were true differences, for, as wall be sho^\Ti in 
the later discussion, an unequal concentration wmuld not be compatible 
with the currently accepted schemes of carbohydrate metabolism. 

It has been found that the observed values are not true ones and that 
an error is caused by traces of extraneous carbon which are oxidized to 
COo by the chromic acid oxidation used to convert the iodoform carbon to 
CO 2 . Dilution from this source may be appreciable when samples of the 
size usually dealt with in the present work are involved (0.5 mM of CO; and 
less). In the case of the 2,5 position when mercuric acetate is used to 


convert the formic acid to CO 2 , no comparable dilution occm’S. 

Some of the evidence on this point follows: When CO 2 was liberated from 
BaC^^Os by the chromic acid oxidant, it regularly displayed a lower C 
concentration than the original BaC'^Os, unless enough BaC^’Os was used 
to obiiate the effects of dilution by the extraneous carbon w'hich w'as oxi- 


dized to CO 2 . The same type of dilution was observed w'hen the chroimc 
acid oxidation was applied to a labeled organic compound (C'^HsCii: 
COOH). The resulting CO 2 contained a progressively greater C‘® concen 
tration as the sample size was increased (from 5 to 40 mg. of CO;)- ” 

lactic acid, which was synthesized chemically (8) from isotopic acetylenfii 
and thus contained an equal concentration of in the a- and ^-carbons. 
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was degraded in the usual way, a discrepancy was noted between the la- 
beled positions similar to that found with the lactate from liver glycogen. 
With a large enough sample the C” content of the CO2 derived from the 
a- and /3-carbons of the synthetic lactate was found to be the same. These 
results are summarized in Table III. In addition when two aliquots of the 
lactate from the liver glycogen of Rats GO to 75 were degraded, the smaller 
samples showed a discrepancy between the C'^ content of the a- and /3- 
carbons, whereas the larger samples contained practically identical isotope 
concentrations (Table III). It is thus clear that with small samples false 
and variably low values were obtained for the 1 and 6 positions. 

The results indicate with reasonable certainty that there is no difference 
between the 2,5 and 1 ,G positions, and that any difference shown in Table 


Tablc III 

Ejjecl of Sample Size on Apparent Isotope Content oj a- and 0-Carbon Atoms of 

Labeled Lactate 


Matctiil degraded 

a-Carbon 

^‘Carbon 

COs 

1 

CO2 

C” 

1 

1 

alom 1 


atom 


mg. 

per cent 

tng. 

per cent 


1 

excess 


excess 

Synthetic C”HjC"IIOIICOOn. 

10.6 

3.32 

10.6 

2.62 

it 

21.1 

3.37 

18.1 ! 

2.96 

a t( * 

24.9 

1.14 

31.5 

1.16 

Aliquot of lactate from Rats 09-75 

8.3 

0.28 

12.5 

0.22 

“ “ “ “ “ 09-75 

18.2 ! 

0.29 

19.8 

0.28 


• Run on a sample of lactate containing less isotope than that used for the first 


two degradations. 


II may be the result of the small samples employed. The present results 
are therefore considered to be in agreement with the idea that the 2,5 and 
1,6 positions contained equal concentrations of isotope. 

It should be pointed out that the degradation cleanly separates t le 1 er 
ent positions of the lactic acid. Thus in the degradation o syn etic 
C^^HsC^^HOHCOOH, the CO2 isolated from the carboxyl group contained 
no excess C» and the a- and ,3-carbon fractions contained C^con- 

centrations. On the other hand when a sample of synthetic OH3O tLOll- 
COOH was degraded, it yielded excess isotope only in the single fraction 

corresponding to the a-carbon atom. 

The results from the chemical degradation will be considered ne.xt. I e 
data from this degradation in conjunction with the data f^om the bacterial 
degradation provide an opportunity to determine in grea er e ai 
tribution of the isotope in the sugar. 
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Sufficient material was available in four of the glucose samples for both 
a bacterial and a chemical degradation. In the chemical degradation, 
probably the most reliable result is for position 6, since the formation 
of formaldehyde in the periodic acid oxidation is quite specific for primary 
alcohols. It will be noted in Table II that position 6 as determined by 
chemical degradation contained appro.ximately the same concentration of 
isotope as did the 1 ,6 and 2,5 fractions obtained from bacterial degrada- 
tion. The only exception is the result from the doubly labeled acetate. 
Rats 69 to 75, in which the concentration of isotope in position 6 was 0.24 
as compared to that of 0.29 and 0.28 for the 2,5 and 1 ,6 positions. Possi- 
bly this result may be in error. A. discrepancy in the results is indicated, 
because the average concentration of all fractions by bacterial degradation 
was higher than those from chemical degradation. 

On the whole, however, it is seen that the results are in agreement with 
the idea that carbon atoms 1, 2, 5, and 6 contain an equal concentration of 
isotope. This follows from the observation that in general carbon atom 
6 = 1,6; therefore carbon atom 1 = 6; also 1 or 6 or 1 ,6 = 2 ,5. It is to 
^ be noted that, although the results offer direct data indicating equality of 
positions 1 and 6, they do not give direct evidence that position 2 equals 
position 5. It seems likely, however, that this is the case from a consider- 
ation of the schemes of glycolysis. 

An evaluation of the relative concentration of C*® in positions 3 and 4 
maybe obtained from the value for positions as determined chemically and 
that of the value for combined positions 3 and 4 from bacterial degrada- 
tion. Only a rough approximation is possible, however, because position 
3 in the chemical degradation is not completely specific. Pos.’.iion 3 as ob- 
tained in this method consists of formic acid and it is contaminated by 


formic acid arising from other positions. In part this contamiaation comes 
from unmethylated glucose, since the samples of glucoside contained at 
least 1 to 2 per cent free glucose. In addition some free glucose may be 
formed by hydrolysis of the glucoside during the o.xidation. In the periodic 
acid oxidation of free glucose formic acid is formed from 5 of the 6 carbon 
atoms. The fact that contamination does occur is indicated by results ob- 
tained on glucoside prepared from pure glucose in which more than a mole 
for mole yield of formic acid was found (2). Contamination of position 3 

becomes apparent when thel ,6 and2,5 positions have a low or high concen- 
tration of isotope as compared to the 3 and 4 positions. Thus when 1, 2, o, 
and 6 carbon atoms contained more isotope than carbons 3 and 4, the con- 
tamination gave a high value for carbon atom 3 as compared to carbons o 
and 4; on the other hand when carbon atoms 1, 2, 5, and 6 contained a low 
concentration of isotope, the opposite effect occurred. These results were 


noted in most cases (see Table II). 

When consideration is taken of these sources of contamination of po=‘ 
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tion 3, comparisou of position 3 from chemical degradation with positions 
3 and -1 from bacterial degradation indicates that position 3 is approxi- 
mately equal to positions 3 and 4. Thus carbon atoms 3 and 4 probably 
contain an equal concentration of C’^. All the results of Table II, there- 
fore, are in conformity with the idea that the two halves of glucose are 
identical. This is the distribution of isotope which is to be expected on the 
basis of the conventional schemes of glycolysis in which glucose is formed 
on an over-all basis by union of 2 pyruvate molecules through a carboxyl 
to carbo.xyl linkage (2). This prediction assumes that the triose isomerase 
acts sufficiently rapidly to equilibrate the isotope in the glyceraldehyde 
phosphate and dihydroxyacetone phosphate. It is apparent, however, 
that the methods do not permit the strictly quantitative measurement 
which would be nccessaiy to prove this point rigidly. 

Evidence for Conversion of Falbj Acid Carbon to Glycogen by Pathway 
Other Than COi Fixation 

It is apparent from Table II that after the feeding of carboxyl-labeled 
•acetate or butyrate, as well as of /3-labeled butyrate, all, or practically all, 
of the detectable excess C‘^ was found in positions 3 and 4 of the glucose. 
Since these are the same positions as for CO 2 fixation, the results with these 
compounds provide no direct evidence that there is a mechanism other 
than CO 2 fixation by which the carbon of acetic or butyric acid is incorpo- 
rated into liver glycogen. However, after the feeding of a-labeled acetate, 
doubly labeled acetate, orof a-labeled butyrate, notonlycarbonatoms3 and 
4, but all degradation fractions contained significant amounts of These 
latter results furnish direct evidence that at least thea-carbon atoms of the 
fatty acids studied are incorporated into liver glycogen by some means in 
addition to CO 2 fixation. The possiblity that the presence of fatty acid 
has provided a route over which carbon may be incoi’porated as CO 2 into 
positions other than 3 and 4 of the glucose is excluded by the results ob- 
tained when the earboxyl-labeled acids were fed. 

The level of isotope in the respiratory CO 2 has been used in attempting 
to evaluate the extent to which isotope from administered fatty acids 
reaches liver glycogen by CO 2 fixation. Buchanan ei al. (1) fed rats ace- 
tate, propionate, and butyrate labeled with C“ in the carbop^l position. 
On the basis of the radioactivity found in the liver glycogen and respiratory 
CO 2 in these experiments as compared with the radioactivity found in liver 
glycogen and respiratory CO 2 in CO 2 fixation experiments, t ey at emp e 
to apply a correction to the fatty acid experiments for t e iso ope eposi e 
in the liver glycogen from CO 2 . An observed isotope content in e g yco 
gen over and above that calculated as derived from CO 2 was a *en om 1 
cate conversion of fatty acid to glycogen by a second mechanism. These 
workers concluded that in the case of acetate CO 2 fixation a one cou ac 
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count for all of the C“ of the glycogen, whereas for propionate and bu- 
tyrate CO 2 fixation could account for only a fraction of the isotope found. 

In the present work, in the case of acetate as well as of butyrate, for all 
types of labeling employed, the isotope was more abundant in carbon atoms 
3 and 4 of the glucose than would be anticipated from the level of C‘’ in 
the respiratory CO 2 were CO 2 fixation the only mechanism at work. For 
example, the excess in carbon atoms 3 and 4 of the glucose isolated from 
the liver of rats administered NaHC^’Os was only about one-sixth to one- 
seventh that found in the respiratory CO 2 (2), while in the experiments 
TOth carboxyl-labeled acetate, the isotope in positions 3 and 4 was rela- 
tively twice as abundant as in the CO 2 fixation experiments, being about 
one-third the excess noted in the respiratory CO 2 . 

Certain objections to comparisons of this sort may be pointed out. Ex- 
periments on CO 2 fixation in which labeled bicarbonate has been given may 
not be regarded as suitable controls for experiments in which fatty acids 
have been fed, since the influence of fatty acid feeding on CO 2 fixation has 
not been assessed. Furthermore, the isotope content of the respiratory CO 2 
may not bear the same relationship to the isotope content of the intra- 
cellular CO 2 in both instances, since the isotopic CO 2 has been introduced 
into the animal as bicarbonate in one case and has arisen from the intra- 
cellular oxidation of an organic acid in the other. The experiments of Ball 
et al. (21), in which NaHC^^Os was administered and the specific activity of 
the NaHCOj of pancreatic juice and of the respiratory CO 2 was found to 
be the same, cannot be considered as establishing the respiratory COj as 
a valid sample of the intracellular CO 2 of all tissue cells wth respect to 
isotope content, since the cells of external secretion of the pancreas are 
probably unique in their ability to concentrate bicarbonate. Hence it is 
apparent that experiments with the carboxyl-labeled acids provide only in- 
direct evidence regarding the transfer of the fatty acid carbon to glycogen 
by ways other than CO 2 fixation, and, in view of the possible source of 
error described above, it is not surprising that the evidence of Buchanan 
et al. (1) and of the present work is in conflict with respect to acetate. 

The present results with a-labeled and doubly labeled acetate, in which 
the isotope occurs in positions other than 3 and 4 of liver glucose, show 
conclusively, however, that this acid is converted to carbohydrate by path- 
ways other than CO 2 flxation. 

Intermediary Metabolic Steps in Conversion of Fatty Add 
to Glycogen 

Although in the present work we are observing only the initial and final 
stages whereby fatty acid carbon is transformed to glycogen, some discus- 
sion seems desirable concerning intermediate steps. 
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Because of the impressive evidence accumulating in favor of the tricar- 
boxjdic acid, or Krebs cycle, as a general mechanism for the oxidation of 
carbohydrates, fats, and proteins, the present results will be considered in 
terms of this cycle. The cj'cle, abridged for purposes of simplicity, is pre- 
sented schematically in the accompanying diagram. The assumptions 
are made that the constituent hexose units of glycogen are formed from 
two 3 -carbon fragments (represented by pyruvate) in accordance with the 
conventional schemes of glycolysis, and that the tricarboxylic acid cycle 
participates in the introduction of isotope into the 3-carbon fragment, 
pyruvate. 

It must be emphasized that the following discussion of metabolic path- 
ways for acetic and butyric acids is speculative. The possibility exists 
that the results of the present experiments, as W'ell as of those on COj fa- 
ation ( 2 ), may be explained by unknown metabolic conversions, or by modi- 
fications of reactions in the tricarboxylic acid cycle, or by reactions on the 
path between pyruvate and glucose. 

In the diagram it is to be noted that the carbo.xyl carbon of pyruvate 
becomes the 3 and 4 carbons of the glucose, the a-carbon becomes the 2 
and 5 carbons, and the iS-carbon becomes the 1 and 6 carbons (Reaction a). 
Furthermore, since pyruvate is foi’med from the oxalacetate (Reaction 6 ) 
by loss of the carboxyl adjacent to the methylene group (/S-carbo.xyd group), 
the location of in the oxalacetate determines the location of the isotope 


in the pyruvate. 

The oxalacetate formed from pyruvate and isotopic carbon dioxide would 
contain labeled carbon in the /3-carboxyl group only. In order to explain 
the location of fixed carbon dioxide in positions 3 and 4 of glycogen, it is 
assumed that the oxalacetate is converted to a symmetrical Ci-dicarbo.xyhc 
acid, represented by succinic acid in the scheme (Reaction c). In this way 
the labeled carbon becomes randomized between both carboxyl groups- 
Reversal of Reactions c and b would then yield carboxyl-labeled pyruvate 


and hence glycogen labeled in positions 3 and 4 . 

Pathways from Acetate to Gbjcogen — From carboxyl-labeled acetate the 
isotope is transferred via the cycle to both carboxyl groups of the o.xal- 
acetate (Reactions d, e, f, g, c) and decarbo.xylation of the o.xalacetate 
results in carboxyl-labeled pyruvate (Reaction 6 ). Moreover, reentry o 
this labeled oxalacetate into the cycle cannot introduce the into any 
other position in the oxalacetate, because both carbo.xyl groups of the oxa - 
acetate are lost as CO 3 in the transformations of the cycle. This condition 
also applies in the ease of CO 2 fixation. The scheme is thus in 
with the observed results of Table II in that it indicates that either n-x 
carbon dioxide or the carboxyl of acetate will be only in the 3 and 4 poa 


tions of the glucose. . , 

The results foliowring the feeding of a-Iabeled acetate are also explam 
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Condeusatioa of C'^HjCOOII with oxalacetate would lead through the cycle 
to the formation of oxalacetate, the non-carboxyl carbons of which are la- 
beled. Decarbo.xylation of such o.xalacetate yields a,/3-labeled pyruvate 
and, hence, glycogen labeled equally in carbon atoms 1, 2, 5, and 6. These 
carbon atoms of the glycogen were found to contain excess isotope, but it 
will be observed in Table II that carbon atoms 3 and 4 also contained an 
excess of C*’, up to nearlj’ one-half that in the other positions. Part of 
this labeled carbon undoubtedly was introduced by reentry into the cycle 
of isotopic oxalacetate generated in the cycle. Assuming recirculation in 
the cycle of such oxalacetate, one finds upon study of the cycle that at the 
end of the second circulation the C'^ concentration in the carboxyl groups 
of this compound is one-third that of the non-carboxyl carbons, and that 
with further recirculation of the oxalacetate the ratio of the isotope con- 
centration in the carboxyl carbons to that in the non-carboxyl carbons ap- 
proaches one-half. The methyl carbon of acetate can thus contribute sig- 
nificantly to the 3 and 4 positions of the glycogen, without conversion to 
CO2. 

The condensation of doubly labeled acetate with oxalacetate would lead 
through the cj^cle to the formation of oxalacetate, all carbon atoms of which 
are labeled; decarbo.xylation of such oxalacetate yields pyruvate and hence 
glycogen likewise with all its carbons labeled. Again the experimental 
results are in agreement with this expectation. If the route described is 
' the only one bj’’ which acetate carbon is being converted to glycogen, the 
isotope concentrations should be equal in each carbon atom of the glucose 
chain. The deviation of experimental observations from this anticipation, 
f.e. a greater abundance of isotope in carbon atoms 3 and 4 than in the 
other fractions of the glycogen, is reasonably explained by the introduction 
of extra into these positions by CO 2 fixation. The fact that the ob- 
served content of the respiratory CO 2 (Table IV) was high in the ex- 
periments with the doubly labeled acetate is consistent with the idea that 
the extra came from CO 2 . The high content in the respiratory CO 2 
resulted because both carbons of the acid were labeled and therefore the 
average excess content was higher in this case than for the other acids 
administered. 

In addition to comparing the agreement between the predictions of the 
scheme and the observed data relative to the distribution of the isotope 
in the carbon chain of the glucose unit, there is also opportunity for a 
' similar comparison on the basis of recovery of the isotope in the respira- 
tory CO 2 . 

The data on the respiratory CO 2 are shown in Table IV. The tota 
respiratory CO 2 (column (a)) represents the sum of values 
collection periods during which approximately equal quantities of CO 2 were 
obtained in each period. The total shown in column (b) was obtained 
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by summation of calculated values for these three periods. In column 
(c) is shown the per cent of the administered recovered in the respira- 
toiy CO2. These values were calculated from column (b) and the mn 
of administered, which may be calculated from the per cent C'® in 
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labeled materials in the metabolic pool of the animal. The figures in col- 
umn (d) indicate simply the dilution of the administered isotope by non- 
isotopic carbon and were obtained by the following calculation. 

-Uom % excess C’ in respiratory CO2 

~ ^ — ■ - - ■ * _ w 

Atom % excess C" in fed fatty acid 

The values for the denominator are given in Table II, while those for the 
numerator may be calculated from Table IV, columns (a) and (6). 

It should be emphasized that this calculation (column (d)) assumes (ex- 
cept for the doubly labeled acid, for which no such assumption is neces- 
sary since both carbon atoms contain an equal isotope concentration) that 
all carbons of the fatty acid chain in question are converted to CO 2 at equal 
rates. 

As nearly as can be judged from the limited data available in Table IV, 
all types of labeled acetate are oxidized at about the same rate. The aver- 
age for acetate is 27 per cent; i.e., 27 per cent of the isotope was recovered 
in the respiratory CO 2 in 2.1- hours. Likewise that part of the respiratory 
CO 2 that came from the fatty acid was for all types of acetate the same, 
the average being 14 per cent of the total CO 2 . 

It is apparent that if the carbo.xyl carbon of acetate were actually con- 
verted to CO 2 more rapidly than the methyl carbon these values would 
have been higher for the carboxyl-labeled acid than for the methyl-labeled 
acid, and the values for the doubly labeled acetate would have been inter- 
mediate. The fact that all types of labeled acetate give the same results 
in the respiratory CO 2 is in agreement with the predictions of the cycle. 
Study of the schematic diagram will reveal that, at the end of the second 
circulation of oxalacetate through the cycle, one-half as much of the car- 
boxyl carbon of the oxalacetate has been derived from the methyl carbon 
of the acetate as from the carboxyl carbon of the acetate. By further re- 
peated circulation the total contribution of the carboxyl and methyl car- 
bons of acetate to the carboxyl carbons of oxalacetate approaches equality. 
Since it is the carboxyl carbons of oxalacetate which yield CO 2 on passage 
through the cycle, the rate of conversion of the methyl carbon of acetate 
to CO 2 should approach that at which the carboxyl carbon is so converted. 

From the foregoing it is concluded that both carbons of acetate are con- 
verted to CO 2 at approximately equal rates. This finding, as well as the 
results of the distribution of the isotope in the glucose, ^ thus seems to he 
consistent with the suggestion that acetate may be oxidized by the tricar- 
boxylic acid cycle. 

It is noteworthy that the conversion of acetate to glycogen ^^a the cycle 
cannot account for a net increase in glycogen from acetate carbon perse, 
since 2 moles of CO 2 are produced for each mole of acetate that enters the 



12S0 


LIVER GLYCOGEN 


cycle. This is in agreement \vith the fact that glycogen is not deposited ia 
the liver of the fasted rat following the feeding of acetate alone. As pre- 
viously noted, however, the net change in glycogen in an animal may be , 
as much dependent on the effect of the fed compound on the balance of tbe 
dynamic equihbrium of the body as it is on whether or not there is a mech- 
anism for net transfer of carbons from the compound to the glycogen. The 
formation of glycogen in the traditional sense (f.e., net glycogen deposition) 
contrasted with an actual transfer of carbon from a compound to glycogen 
as measured with isotopes may have no relation. When viewed in terms 
of actual movement of carbon to glycogen, it is apparent that short chain 
fatty acids and, in all probability, long chain fatty acids as well can be 
converted to carbohydrate. Bloch and Rittenberg (22) have shown that 
a long chain fatty acid (myristic acid) can give rise to acetyl groups in the 
intact organism. Furthermore it has been reported that acetate enters 
aspartic acid and glutamic acid, which are considered to be in biological 
equilibrium with carbohydrates by routes other than CO 2 fixation (23). 
These considerations together with present results with acetate indicate 
that glycogen carbon can be derived from long chain fatty acids. 

It should be pointed out that the conversion of acetate to succinate by 
methyl to methyl condensation and a subsequent conversion of the suc- 
cinate to pyruvate and then to glycogen w'ould meet all the requirements of 


the present experimental data. Therefore on this basis there is no reason 
to exclude this mechanism. On the other hand the conversion of acetate 
to glycogen by a mechanism involving the formation of pyruvate by ad- 
dition of a 1-carbon compoimd to the carboxyl of acetate (or a derivative) 
can be excluded. If this occurred, it w'ould be expected that carboxyl-la- 
beled acetate and probably carboxyl- and )3-labeled butyrate would give 
rise to a a-labeled pyruvate. This type of pyruvate apparently was not the 
means of entrance of the acetate, for if it were, one would e.xpect labeling 
to appear mainly in the 2,5 positions of the glucose. Actually this did 
not happen to a significant extent. On the other hand the results do not 
necessarily exclude the addition of a l-carbon compound to the methyl 
carbon of acetate. 

It is thus seen that, although the results are in agreement with the tn- 
carboxylic acid cycle as a mechanism of conversion, this is by no means the 
only mechanism which would explain the results. 

Pathways froin Butyrate to Glycogen — ^There is a large body of e.xperi- 
mental facts which indicates that fatty acids may be oxidized by P 
dation to acetate or derivatives of acetate (22, 24). If this occurs, it 
reasonable to suppose that the resulting acetate w'ould be converted to 
glycogen. With different types of labeled butyrate it should be possi ® 
bj' comparison with results obtained with the different kinds of labe e 
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acetate to determine whether or not the /3 oxidation scheme suitably ex- 
plains butyrate metabolism in intact animals. Thus carbo.xyl-labeled bu- 
tyrate or /J-labeled butyrate should be equivalent to carboxyl-labeled ace- 
tate and lead to the deposition of glycogen with isotope limited to the 3 
and i carbon atoms of the glucose unit. 

CII,-CHj-Cn.-C‘--OOII — ClIa-CO-ClIrC^OOH — CHjCOOH + CHsC^WH 
CH,-C“Hi-CIIj-COOII CIIrC>=0-CHj-COOII - CHjC^OOH -1- CHjCOOH 

a-Labeled butyrate should be equivalent to methyl-labeled acetate and 
lead to the deposition of glycogen with isotope preponderantly in carbon 
atoms 1, 2, 5, and 6. 

CII,-CII:-C“lIj.COOII — CIIi-CO-C’lIi-COOH -V CHjCOOH -t- Ci’HjCOOH 

The results shown in Table II are in complete agreement with these pro- 
posals and offer support to the idea that butyrate undergoes (3 oxidation 
and that the resulting 2-carbon compound may be converted to glycogen 
via the tricarboxylic acid cycle through reactions similar to those previously 
described for acetate. It is realized, of course, that what are observed in 
these tests are the end-results and that no real information is given on 
intermediate steps. There may be other mechanisms which would fulfil 
the requirements of the data, but at present the j8 oxidation theory appears 
adequate. 

• The present results apparently rule out, at least for the conditions of 
these experiments, the formation of glycogen by w oxidation of butyrate 
to succinate as suggested by Blixenkrone-Moller (25) . Whereas the results 
with carboxyl- and a-labeled butyrate could be explained by this mech- 
anism, it cannot e.xplain the results with the ^-labeled butyrate. By w 
oxidation to succinate, isotope from ^-labeled butyrate would be located 
predominantly in positions 1, 2, 5, and 6 of the glycogen, as illustrated by 
the following equations. 

CHj-C^Hj-CHs-COOH COOH-C‘’H2-CHrCOOH 

C00H-C”H2-C0-C00H C“H,-C0-C00H 

or or C».C».C-C-C“-Cw 

C00H-C‘’0-CH2-C00H CHj-C” 0-C00H Glucose 

Actually, as already noted, a significant e-xcess of could be detected 
only in positions 3 and 4. It should be noted that this distribution proba- 
bly would not result by w oxidation even if the resulting dicarboxylic acid 
were not symmetrical. From anunsymmetrical C 4 -dicarboxylic acid either 
of the two types of pyruvate as illustrated above_ would be expected ^d 
neither would give a glucose unit labelled in positions 3 and 4. Further- 
more the oxidation of butyrate to succinate, followed by cleavage in the 
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center, to 2 molecules of acetate is not likely, because this mechanism would 
be expected to give a glucose from j8-labeled butyrate like that obtained 
from methyl-labeled acetate, whereas it did not. 

Metabolism of butyrate via acetate would not directly provide for a net 
increase in carbohydrate precursors, but such an increase if it does occur 
(as indicated, for example, by the work of Blixenkrone-Moller, wherein 
glucogenesis was reported in perfused livers following the administration 
of butyrate) could be an indirect effect of the fatty acid. The presence of 
butyrate may exert a sparing effect and cause the accumulation of glycogen 
from available carbohydrate or carbohydrate precursors derived from 
protein. 

If but3rrate is metabolized via acetate, one might expect, from the results 
on the three types of labeled acetate, that all carbon atoms of butyrate 
would be converted to CO2 at approximately equal rates. From the data 
on respiratory CO2 (Table IV) it would appear that the carboxyl and 
carbons of butyrate are burned much more rapidly than is the a-carbon. 
Unfortimately, the experiments with the a-labeled butyrate are not en- 
tirely comparable to those in which the carboxyl- and /3-labeled acids were 
fed, since considerably smaller amounts of the a-labeled butyrate were ad- 
ministered and also this fatty acid was contaminated with appreciable 
amounts of non-isotopic propionate (see Table I). Both these factors 
would lower the relative amount of labeled carbon in relation to the total 


metabolic pool and thus the in the respiratory CO2 would be less con- 
centrated. As a consequence of this, as judged by column (d), Table IV) 
which gives the dilution in the respiratory CO2 of administered isotope by 
non-isotopic metabolic CO2, the oxidation of the a-carbon would be indi- 
cated to be relatively lower than for the other positions. Actually, how- 
ever, a proportionally greater oxidation of non-isotopic material may have 
been the real cause of this difference. The values for the per cent of the 


administered isotope recovered in the CO2 (column (c)) also indicate a 
slower oxidation of the a-carbon, but no definite conclusion seems justified 
on the basis of the two results, for it is seen in column (c) that there is a 
great deal of variation in the results from one experiment to another. This 
variation may in part be caused by variation in absorption. Thi^ at 
present there is no reliable indication that the rate of oxidation differs 
for the individual positions of the butyrate molecule and this question 


must be left open. 

Considered as a whole, these studies with acetate and butyrate whic 
have been performed on intact normal aniTnala have yielded results whic 
agree remarkably well with predictions from schemes which have been e- 
rived for the most part from studies in vitro. The results give some evi 
dence that the tricarboxylic acid cycle is an active mechanism in the norm 
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animal; also tho evidence lends support to the conventional schemes of 
glycolysis. It should bo borne in mind that, although these studies were 
made on whole, fasted animals, they probably represent in a large part the 
metabolism of the liver. It is conceivable that studies of longer duration 
with glycogen from other tissues might yield results which differed from 
the present results. Conceivably kidney, heart, etc., may follow metabolic 
pathways with some variations from the metabolism of liver. 

SUMMARY 

The glycogen of rat liver was isolated following feeding, by stomach 
tube, of glucose plus either acetate or butyrate labeled with The 
glycogen was hydrolyzed to glucose, and the latter degraded. 

^Uter the administration of GHj-C^OOH or CHrCH 2 -CH 2 -C'’OOH as 
well as after the administration of CBfj-C'^Hj-CHs-COOH, all of the ex- 
cess isotopic carbon in the glycogen was found in positions 3 and 4 of the 
glucose unit. Since these are the same positions as for CO 2 fixation, and 
since considerable amounts of isotopic carbon appeared in the respiratory 
CO 2 , it was impossible from location of C’’ in the glycogen to determine 
whether there was an additional pathway of conversion of fatty acid 
carbon to glycogen. 

With • COOH or C'Ti, • C'^OOH or CHj • CH 2 • Ci’H 2 • COOH, all de- 
gradation fractions of the glycogen contained excess This is considered 

direct evidence that at least the a-carbon atoms of acetate and butyrate 
can enter glycogen by a pathway other than CO 2 fixation. 

The distribution of isotope found in liver glycogen is consistent with 
formation of 3-carbon carbohydrate fragments from acetate and butyrate 
via the tricarboxylic acid cycle, and synthesis of the 6-carbon glycogen 
units from two 3-carbon fragments through reversal of the conventional 
reactions of glycolysis. 

The results after the administration of butyrate are consistent with the 
d oxidation of butyrate to 2 molecules of acetate, but inconsistent with 
w oxidation of butyrate to succinate. 

These observations have been made wdth intact animals and provide 
some evidence for the functioning, under in vivo conditions, of schemes 
based largely on in vitro studies. 

We wish to thank Dr. Walton Shreeve, Miss Carol Carlson, Miss Eleanor 
Davies, Miss Bernice Theissen, and Miss Margaret Cook for help with a 
number of the chemical determinations, and Dr. A. 0. C. Nier of the De- 
partment of Physics, University of Minnesota, for most of the mass 
spectrometer measurements. 
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INFLUENCE OF TESTOSTERONE PROPIONATE ON 
THE PLASMA AND LIVER PROTEINS 
OF HYPOTHYROID RATS* 

By J.VMES II. LEATHEM 

(from the Bureau of Biological Research, Rutgers University, New Brunswick) 
(Ucceived for publication, July 23, 1948) 

Clinically a relationship between thyroid activity and blood protein 
levels has been indicated by a hyperproteinemia in myxedema (1) and is 
correlated with an increase in globulin levels (2). This relationship has 
been observed in dogs (3) and has been seen repeatedly in thyroidectomized 
rats and in rats fed antithyroid drugs (4-6). Since a decrease in weight 
of the seminal vesicles followed thyroidectomy (7) and thiourea feeding 
[S), the implication that androgen production is waning in hypothyroidism 
invited the study of testosterone propionate action in rats fed antithyroid 
irugs. These data aid in determining whether hypothyroidism or hypo- 
gonadism is of primary importance in causing the rise in plasma globulin 
issociated with both conditions. Furthermore, an effect might be antici- 
)ated, since androgen administration induced nitrogen retention in a ere- 
in (9). 

Liver size and the ratio of liver protein to body weight increased after 
hiouracil feeding (10). In view of the known protein anabolic action of 
-ndrogens (11) studies concerning liver protein in the hypothyroid state 
with and ivithout concomitant androgen are presented. 

EXPERIMENTAL 

Male rats of the Long-Evans strain were used when 150 days old and 
were kept in metabolism cages for measurement of daily food intake. The 
rats were raised on Purina fo.x chow (20.1 to 23.9 per cent protein) and it 
was also fed during the experimental period. Thiourea and thiouracil,*- 
were added as 0.5 per cent of the diet, and the rats fed ad libitum. Other 
groups received thiourea or thiouracil and testosterone propionate^ or were 
normal rats with and without androgen, but all were pair-fed with the 
group on the goitrogic substance alone, as thiourea and thiouracil reduce 

* Supported by the Protein Metabolism Fund of the Bureau of Biological Research, 
Rutgers University, initially, and completec^under a contract with the Office of Naval 
Research, Navy Department. 

^ Thiouracil (deravet) was supplied by Dr. Mark Welsh, Lederle Laboratories 
Division, American Cyauamid Company, Pearl River, New York, and testosterone 
propionate (perandren, Ciba) was supplied by Dr. E. Oppenheimer, Ciba Pharmaceu- 
tical Products, Summit, New Jersey. 
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food intake. After a 20 to 27 day experimental period the rats \Yere 
lightly anesthetized with ether and bled from the heart. Hematocrit, 
non-protein nitrogen, total plasma protein, albumin, and globulin were 
determined. Albumin and globulin were separated by the Howe method 
(12), as modified by Robinson, Price, and Hogden (13). Nitrogen values 
were corrected for non-protein nitrogen and converted to protein by use 
of the factor 6.25. Liver nitrogen was determined after the organ had 
been dried to constant weight at 95“ and ground to uniform consistency. 

Results 

Thiourea feeding reduced food intake to an average of 273 gm. per rat 
for 20 days, as compared to the 335 gm. consumed by rats eating ad libitum. 
The reduced food intake resulted in a loss in body weight which, however, 
was greater in the thiourea-fed rats than in pair-fed controls. Testosterone 
propionate administered subcutaneously at a level of 0.1 mg. daily did not 
prevent weight loss, although this androgen caused retention of urinary 
nitrogen in men on a restricted caloric intake (14). 

Thiourea-fed rats e.xhibited a decrease in hematocrit and an increase in 
non-protein nitrogen, but an increase was not observed in normal rats on 
reduced food intake. Of the deviations from normal in rats fed thiourea, 
only non-protein nitrogen remained within the normal range in rats re- 
ceiving both thiourea and androgen. Total plasma protein was increased 
by thiourea, owing to an increase in concentration of plasma globulin, 
while plasma albumin levels were unaltered (Table I). The androgen had 
a tendency to reduce the elevated plasma protein levels, but the differences 
were not significant. In the normal rat on restricted food intake, the 
plasma globulin level had a tendency to be higher than in rats fed ad libitum, 
being 2.72 gm. per cent compared with 2.51 gm. per cent. Androgen ad- 
ministration reduced the plasma globulin to a normal concentration, but 
in all cases the data a re of border line significance. 

Although the dafi ' dosage of 0.1 mg. of testosterone propionate was 
adequate in mainta amg weight of the seminal vesicles in castrated rats, 
this dosage was esse tially ineffective in maintaining normal plasma protein 
levels in hypothyroid rats. It seemed advisable to repeat the entire ex- 
periment with 0.5 irg. of androgen daily, but the results generally dupli- 
cated the data obtained rvith the lower dosage. 

The possibility that a to.xic action of thiourea may have masked the 
action of testosterone on the concentration of plasma protein prompt® 
the use of thiouracil. Thiouracil fed at 0.5 per cent reduced food intake 
to 300 gm. per rat over 20 days, causing a modest loss in body w'eigW, 
which was duplicated by pair-fed controls. 0.5 mg. of testosterone pr® 
pionate was used alone and in combination with thiouracil. Loss in bo y 
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weight was not prevented by testosterone propionate, but the increase in 
non-protein nitrogen and the decrease in hematocrit induced by thiouracil 
could be largely prevented by androgen administration. Thiouracil in- 


Table I 

Plasma Protein Concentrations in Rats Treated with Thiourea {0.5 Per Cent) and 
Testosterone Propionate {0.1 Mg.) 


N'o. of 
nu 

Trcilmcat 

Botiy 

weight* 

Hemato* 

ait 

Non-proteia 

nitrogen 

Total 

protein 

Albumin 

Globulin 



in. 

per cent 

mf. per 
100 cc. 

gm. per 
100 cc. 

gm. per 
100 cc. 

gm. per 
m cc. 

12 

Thiourea 

204-25 G 

40.5 

68 

6.66 

3.49 

3.17 




il.Ot 

±3 .4 

±0.10 

±0.12 

±0.09 

12 

“ -h testos- 

291-259 

41.3 

60 

6.41 

3.38 

3.02 


terone propionate 


±1.1 

±3.2 

±0.11 

±0.15 

±0.09 

12 

Normal, pair-fed 

2 SS -271 

45.4 

58 

6.10 

3.37 

2.72 



1 

±0.8 

±3.2 

±0.07 

±0.06 

±0.09 

6 

“ -f testos- 

303-2 S 0 

46.3 

57 

5.93 

3.36 

2.57 


terone propionate 


±1.2 

±4.0 

±0.07 

±0.14 

±0.14 


* Initial and final. 


t e = V^dy{n{n - 1)). 


Table II 

Plasma Protein Concentrations in Rats Treated with Thiouracil {0.5 per cent) and 
Testosterone Propionate {0.5 Mg.) 


Each group consisted of twelve rats. 


Txeatmeat 

Body 

weight* 

Hematocrit 

Non-protein 

nitrogen 

Total 

protein 

Albumin 

Globulin 



per cent 

mg. per 

gm. per 

gm. per 

gm. per 


gm. 

100 cc. 

100 cc. 1 

100 cc. 

m cc. 

Thiouracil 

336-326 

44.4 

66 

6.81 

3.26 

3.55 



±0.5 

±1.7 

±0.09 

±0.08 

±0.17 

“ + testos- 

331-317 

46.4 

58 

6.95 

3.36 

3.59 

terone propionate 


±0.6 

±2.5 

±0.10 

±0.07 

±0.13 

Normal, pair-fed 

336-315 

48.7 

56 

6.04 

3.19 

2.85 


±0.6 

±1.1 

±0.11 

±0.08 

±0.14 

“ -b testosterone 

324-312 

49.7 

54 

6.08 

3.23 

2.85 

propionate 


±0.7 

±2.7 

±0.08 

±0.10 

±0.09 


* Initial and final. 


creased plasma globulin concentrations in the absence of a change in 
plasma albumin levels (Table II), and the administration of androgen was 
without effect. The increase in plasma globulin in rats due to thiouracil 
is associated with an increase in a-globulin (6), and a-naphthylthiourea 
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incites a similar reaction in dogs (15). The antithyroid drugs have varied 
toxicities, and thus their action might be to stimulate the adrenal, the 
secretions of which increase serum globulin (16). The action of anti- 
thyroid drugs on plasma protein levels would seem to be independent of 
adrenal excitation, however, since these compounds reduce adrenal ac- 
tivity (17, 18). Fm’thennore, normal globulin levels can be maintained 
in hypophysectomized rats with thyroxine (4), and adrenocorticotropic 
hormone does not release globulin in these animals (19). 

Table III reveals that thiouracil will increase liver weight significantly 
without changing the percentage of water or protein. Consequently the 
total liver protein in the body and the liver protein in gm. per 100 gm. of 
body weight were significantly above normal. Testosterone propionate 

Table III 

Influence of Thiouracil (O.o Per Cent) and Testosterone Propionate {0.5 Mg.) on Liver 

of Adult Rats 

Each group consisted of seven rats. 


Treatment 

I Liver weight 

Water 

Total 

protein 

Liver protein 

i 

1 

i 

, sw. 

I 

i per 1 

1 JOG sm, 
body 
locight 

per cent 

gm. 

per cent 
dry 
veighl 

gm. per lOOhrn. 
body veighl 

Thiouracil 1 

15.2 

4.4 

71.0 

2.93 

66.9 

0.887 

( 0 . 801 - 0 . 999 ) 


± 0.9 

± 0.3 

± 0.3 

± 0.13 

± 1.2 


( 0 . 714 - 0 . 910 ) 

“ + testos- 

13.2 

4.2 

70.3 

2.63 

67.2 

0,835 

terone propionate 

± 0.7 

± 0.3 

± 0.2 

± 0.11 

± 1.2 


( 0 . 652 - O . 7 SS ) 

Normal, pair-fed 

10.9 

3.3 

70.1 

2.27 

69.9 

0.719 


± 0.6 

1 ± 0.2 

± 0.6 

± 0.10 

± 1.7 

i 

( 0 . 626 - 0 . 856 ) 

“ -h testos- 

10.9 

I 3.0 

69.9 

2.27 

70.1 

1 0.717 

terone propionate 

± 0.9 

± 0.3 

± 0.3 

± 0.13 

dbl .0 




was essentially without effect on the liver water or protein in thiouracil- 
fed or normal pair-fed rats. The increase in liver weight induced by 
thiouracil was less pronounced when androgen was administered con- 
comitantly. The increase in the ratio of liver protein to body weight is 
obtained only after thiouracil feedings (10), thyroidectomy favoring liver 
atrophy (20). The thiouracil action is surprising in the \vake of reduced 
food intake, since the liver can be depleted of protein quickly (21). The 
increase in liver weight might also be aided by an increase in fat (22) M 
glycogen (23), but contradictory data have also been reported regarding 
these components in the liver (23, 18). 

SUMM.ARY 

Hyqiothyroidism induced by feeding thiourea or thiouracil residted w 
an increased concentration of total plasma protein, plasma globulin, a 
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non-protein nitrogen. Plasma albumin concentration was not changed, 
blit the licmutocrit decreased. An increase in liver size, while water and 
protein remained at normal percentages, resulted in an increased liver 
protein in the body after thiouracil feeding. Testosterone propionate in 
doses of 0.1 and 0.5 mg. daily did not alter the plasma or liver proteins of 
hypothyroid rats, except to reduce the non-protein nitrogen. The slight 
rise in plasma globulin sometimes associated with restricted food intake 
was prevented by testosterone propionate administration, and the increase 
in liver Aveight induced by thiouracil was less pronounced when androgen 
was administered concomitantly. 
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STUDIES ON THE STRUCTURE OF LYCOMARASMIN 
Bt D. W. WOOLLEY 

(From th. LaboraloricB of Tho Rockefeller Inslilule for Medical Research. New York) 
(Received for publication, July 3, 1948) 

Plattner and Clauson-IOias (1) have isolated a substance caUed lyco- 
the leave's to wilt and curl, and this is believed to be duo to the formatioy ( 

stostotvhicheanbedetoonstratedin — 

SSH=-rrS“.=r=S 

"r.rrr, ==■=?==! 

Plattner and Clauson-Ivaas (3) found ^ J oi, hydrolysis 

niolecule of empirical fonnula JHih^ constituents 

two anuno acids, ^ f^htro-en atom unaccounted for, 

would leave only 3 carbon atorns and ° molecule of ammonia, a 
since mild hydrolysis led to the orma indeed the failure of the 

labile grouping was indicated m t e nao e , > reaction 

toxin to give a blue color with ninhydrm ®r Nc m toe ^ y 

with HNOo, suggested that the unide alanine. The instability 

not belong to a conventional ammo ac 

of lycomarasmm was well illustra by ^ aqueous solution, 

or merely allo^ong the free acid to sta compound, CgHiuOyNs, which 

led to the formation of a biologic y latter compound was 

differed from the toxin by the .f these findings, a structure 

designated Substance I. Larply on the basis of these tm 

was proposed for lycomarasmin ( ig- ' . ^j-obably a derivative of 

Since strepogenin had been s that lycomarasmin and 

glutamic acid (4), the hypothesis oc „hich the glutamic acid of the 

strepogenin might be structural analogu ^ inhibitory 

growth factor strepogenin was replaced J P both substances (3, 5) 

or toxic lycomurasmin. The occurrence oWyome^^ investigation of the 

was int' eresting in this connection. laboratory in the hope of 

structure of lycomarasmin was beg . gjun. Lycomarasmin had 
throwing light on a®, ““‘■‘“‘“LlSn had not. 
been obtained in pure form, be compatible with the struc- 

The results of these studies do not seem 
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ture proposed by Plattner and Clauson-Kaas (3), which was admittedly 
tentative. In the first place, lycomarasmin can be shown to be a derivative 
of asparagine. If the toxin is treated with a solution of KOBr, a Hofmann 
degradation apparently occurs, and aspartic acid can no longer be found in ^ 

HOOC— CH, CH2—NH2 

I I 

HOOC — CH — NH— CO — CHg— HH— CH 

COOH 

Fig. 1. Structure of lycomarasmin according to Plattner and Clauson-Kaas 

the hydrolytic products. Substance I of Plattner and Clauson-Ifaas, on 
the other hand, maintains its aspartic acid after treatment rvith hypo- 
bromite. The location of the 3rd K atom thus is indicated. In the second 
place, lycomarasmin yields iodoform, whereas Substance I does not. 
Therefore, the grouping 

O 

CHj—C 


Hor C 

must be present in (or derivable from) the former but absent from the latter. 
As Plattner and Clauson-Kaas (1) have indicated, no free liliphatic NH* 
group seems to be present, so that when either lycomarasmin or Substance 
I is treated with HNO 2 , neither glycine nor aspartic acid is destroyed. 
"UTien lycomarasmin is tosylated with p-toluenesulfonyl chloride in warm, 
alkaline solution, a simultaneous cleavage takes place, and an ethyl acetate- 
soluble tosyl derivative is formed. On careful hydrolysis this derivative 
yields tosylglycine and aspartic acid, from which it may be concluded that 
the tosyl derivative is probably tosylglycylaspartic acid. The unstable 3 
C moiety of the toxin is probably lost during the acylation. Substance I 
apparently contains a double bond, because it adds bromine in the cold to 
give a halogenated derivative. 

In view of these facts, the structures of Fig. 2 are proposed to represent 
lycomarasmin and Substance I. The toxin thus would contain a derivative 
of the unstable amino acid, a-hydroxyalanine. This is stabilized in such a 
way as not to lose ammonia by the replacement of 1 hydrogen atom of its 
amino group by the nitrogen-free part of a glycine residue. This new 3 .^ 
unstable amino acid has been suspected to occur in another product 0 
fungi, namely ergotamine, as demonstrated by Jacobs and Craig (6)- 

A second motive which stimulated the work was the realization t 
lycomarasmin was a small molecule, composed of amino acid resi i 
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mth marked biological activity. It might thus serve well as a model for 
the study of some aspects of the structure and biological. activhies of pro- 
teins. Being a small molecule, it could be subjected to searching proof of 
structure and to chemical rearrangement of the component parts by totally 
synthetic means much more readily than is true for the protein^ 

^he easy conversion of lycomarasmin into Substance I merely by heating 
or standing is an interesting analogy to heat-inactivation of more c^mg. 
npntides or oroteins. Thus the active toxin is converted to an mactive 
product in the reaction. If the formulation in Fig. 2 is correct, the cheimca 
to to Ws case would mvolve the loee of water betweeu the unstable 
SS, elcoholie group and the H of the adioining methyl group. The 

HjNOC— CHz 

HOOC — CH— NH — CO— CHj— C OH 

COOH 

Lycomarasmin 


pH 

HOOC— CH2 II ^ 

HOOC — CH— NH— CO — CHj— C 

COOH 

Substance^ I c-ubstance I of Plattner and 

Fig. 2. Proposed structures for lycomarasmin an 
Clauson-Kaas. 

ammonia which is liberated during the teaetion by concomitant 

hydrolysis of the amide group of t^ e g^g represented in Fig. 2 

An attempt was made to opropionate with the methyl 

by the condensation of ethyl-a-aceto^-a saponification of the ester 

ester of glycylasparagine, followe y ^ reaction mixture which had 
groups. A substance was isolated fro Uj-ogen for lycomarasmin. 

approximately the theoretical ^ and curling of tomato 

Furthermore, its biological activi y m However, too much weight 

leaves was equal to that of lycomarasim .p in a subsequent 

cannot be given this latter to’ lycomarasmin possess biological 

paper, several substances closely v,pvnnd Question the identity of the 

activity. The difficulty in establishing beyond q^ structure con- 

synthetic product with lycomarasmin optically active asparagine 

timed 2 Symmetric rrit^IopToLte L racemic. The 

was used in the synthesis, the b 
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rather unstable nature of this compound prevented adequate purification or 
resolution. Therefore, the synthetic product must have been a nii.xture of 
diastereomers, and this probably explains the observed fact that the 
sjmthetic substance was more soluble in water than was the natural product. ^ , -- 

EXPERIMENTAL 

Source of Material — Crystalline lycomarasmin and Substance I were 
isolated according to the directions of Plattner and Clauson-Ivaas (1) from 
3 month-old culture filtrates of Fusarium lycopersici. A transplant of this 
organism was very kindly supplied by Dr. G. W. Irving, Jr., of the United 
States Department of Agriculture. The substances agreed well in all 
physical properties with those described by Plattner and Clauson-Kaas. 

Amino Add Composition of Lycomarasmin and Substance I — In order to 
ascertain whether glycine and aspartic acid were the only amino acids lib- 
erated on acid hydrolysis of lycomarasmin and Substance I, 5 mg. samples 
were digested in sealed tubes with 22 per cent HCl at US® for 20 hours. 
The hydrolysates were concentrated to dryness under reduced pressure, 
dissolved in water, again concentrated, and finally dissolved, neutralized, 
and adjusted to 5 cc. These preparations were then partitioned on paper 
strips according to the directions of Consden, Gordon, and Martin (7). 
With either butanol or with phenol as the organic phase, only two colored 
zones, corresponding to the positions of glycine and aspartic acid, were 
found. Quantitative estimation of the amounts of these two amino acids , ^ 
by microbiological methods was not satisfactory because of the great ^ 
difficulty experienced in obtaining complete hydrolysis. As the rigor of the 
treatment was increased, the yield of amino acids w^ent up, so that with the 
conditions outlined in the paragraph above, almost twice as much of both 
amino acids were found as with hydrolysates prepared by refluxing with 20 
per cent HCl overnight. Even wdth the more vigorous hydrolysis. Sub- 
stance I yielded values of 30 per cent for aspartic acid and 17 per cent for 
glycine. Theory, 51 and 29. The aspartic acid was estimated by the 
method of Hac and Snell (8) . At the time these experiments were being 
performed, no microbiological method for the determination of glycine had 
been published, but a satisfactory one was devised by use of the same organ- 
ism and basal medium as were employed for the aspartic acid determination. 
Glycine was omitted and aspartic acid was added to the stock solutions. 

In addition, 0.1 mg. of an acid hydrolysate of casein was added per tube. 
The use of the organism was suggested by Dr. M. S. Duim, who has sinco . 
published a similar method for the microbiological assay of glycine (9k 
Despite the difficulty of obtaining complete liberation of amino acids fro® 
the peptides lycomarasmin and Substance I, the molar ratio of aspartic 
acid to glycine in the hydrolysates was 1:1. 
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Hofmann Degradation of Lycomarasmin and of Substance I to Demon- 
strate Presence of Substituted Asparagine in Former — ^2.5 mg. samples of 
lycomarasmin and of Substance I were dissolved in 2,5 cc. of water at pH 
i 7, and the solutions were cooled to 0° and mixed with a cold solution of 100 
mg. of bromine in 2 cc. of x KOH. The reaction was allowed to proceed 
for half an hour at 0°, and then for an hour at 40°. A slight excess of HCl 
was added, and the solutions were evaporated to dryness under reduced 
pressure. The residues were taken up in 22 per cent HCl, hydrolj'-zed, 
and assayed for aspartic acid. At the same time, controls were run in 
which the KOPI but not the bromine was used. 

Under these conditions, no aspartic acid was found in the reaction product 
from lycomarasmin, while that from Substance I retained about 75 per cent 
of this amino acid. T\Tien asparagine and aspartic acid were treated with 
KOBr in the same fashion, all of the former and about a third of the latter 
were destroyed. 

Iodoform from Lycomarasmin — ^25 mg. of lycomarasmin were dissolved in 

2 cc. of 2 N' NaOH, and the solution was treated with iodine dissolved in 15 
per cent aqueous KI until a yellow color persisted. The mixture was then 
warmed to G0° for a few minutes. During the warming, a yellow precipi- 
tate formed, and the odor of iodoform was plainly discernible. The precipi- 
tate was found to consist of yellow, hexagonal plates which melted at 119°, 

When 100 mg. of Substance I were tested in the same fashion, no evidence 
of iodoform was obtained. 

Failure to Destroy Glycine or Aspartic Acid by Treatment of Lyeoma- 
rasmin with HNOi — 20 mg. of lycomarasmin dissolved in 1 cc. of water plus 

3 cc. of glacial acetic acid were treated Avith 35 mg. of NaNOs dissolved in 
2 cc. of AA'ater. After a reaction time of 0.5 hours bad elapsed, excess re- 
agents were destroyed by evaporation under reduced pressure and by 
addition of 40 mg. of alanine. Hydrolysis and estimation of glycine and 
aspartic acid Avere carried out as indicated earlier, and 4,8 mg. of the former 
and 7.2 mg. of the latter Avere found. A control in which the NaNOo Avas 
omitted Avas found to yield the same values. Therefore, the amino groups 
of glycine and of aspartic acid Avere not free in lycomarasmin. 

Control experiments shOAved that under these conditions, both free 
glycine and free aspartic acid Avere so altered by HNO 2 as not to be deter- 
minable in the assays. Furthermore, it was observed that HCl could not 
be used successfully in place of acetic acid in the complete deamination of 
these substances. 

Isolation of Tosyl Glycine by Tosylation and Subsegueni Partial Hydroly- 
sis of Lycomarasmin — ^200 mg. of lycomarasmin were dissolved in water at 
pH 7, and 12 cc. of 1 n NaOH were added and the mixture heated to 70°. 

1 gm. of p-toluenesulfonyl chloride was added, and the suspension was 
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shaken until the acid chloride had disappeared (about 5 minutes). The 
cooled, acidified reaction mixture was extracted six times with ethyl acetate, 
and the extract was freed of solvents under reduced pressure. The material 
so obtained was a water-soluble substance which could not be crystallized. 
It was, therefore, dissolved in 13 cc. of 0.5 N HCl and 13 cc. of formic acid, 
and the solution was refluxed for 48 hours. The solvents were removed 
rmder reduced pressure, and the residue taken up in 5 cc. of water. A 
crystalline precipitate was removed and the aqueous phase was extracted 
four times with ethyl acetate. The extracted material was combined with 
the crystals and the whole recrystallized from water to yield 73 mg. melting 
at 142°, the same as did tosylglycine. 


CoHiiOiNS. Calculated, C 47.2, H 4.8, N 6.1; found, C 47.2, H 4.9, N 6.1 


The aqueous phase from the hydrolysate was assayed for aspartic acid 
and found to contain 51 mg. of it. It seemed probable that a 3 carbon 
moiety was cleaved under the conditions of the acylation, and that the oily 
product subsequently extracted by ethyl acetate was largely tosylglycyl- 
aspartic acid. 

Synthesis of Substance with Biological Activity and Several Other Properties 
of Lycomarasinin. (a) Ethyl-a-acetoxy-a-bromopropionate — 6.6 gm. of acetyl- 
lactic acid and 2 gm. of red phosphorus were treated dropwise, with stirring 
and cooling, with 16 gm. of bromine. After the rather vigorous reaction, 
with evolution of HBr, had subsided, the mixture was allowed to stand over- 
night. Excess bromine and HBr were removed under reduced pressure, 
and 100 cc. of cold water were added. The free acid was extracted with 
ether, and the solvent was removed from the extract under reduced pres- 
sure. The yellow, oily product (7.7 gm.) could not be purified further 
because of its tendency to decompose. It showed a neutral equivalent of 
191, whereas theory for a-acetoxy-a-bromopropionic acid was 211. 
order to determine whether any of the desired substance was present, 240 
mg. were dissolved in 5 cc. of 1 n NaOH and held at 90° for 1 hour. Acidifi- 
cation, extraction of the acids, and preparation of the p-nitrophenyl- 
hydrazone gave the characteristic derivative of pyruvic acid which melted 
at 210—213°. Hydrolysis of the acetyl group of a-acetoxy-a-bromo- 
propionic acid should lead to an unstable intermediate which, by loss of 


HBr, should yield pyruvic acid. 

The ethyl ester wus prepared by allowing the acid to stand in a large 
excess of absolute alcohol for 3 months at 4°, but a better procedure was to 
add 20 cc. of absolute alcohol to the reaction mixture directly after the 
bromination before any moisture was admitted. The crude ester was then 
collected in ether, washed with water, dried, and freed of solvents an 
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volatile impurities in vacuo. The product was a neutral yellow oil which 
slowly liberated acid on exposure to water. 

{b) Condensation with Methyl Ester of Glycylasparagine — i gm. of the 
above bromo ester, dissolved in 10 cc. of absolute methanol, were added to a 
methanol solution of the methyl ester of glycylasparagine which had been 
prepared from 3.S gm. of free glyc 3 dasparagine.^ The mixture was brought 
to pH S with sodium methoxide, concentrated to 20 cc., and allowed to 
stand overnight at room temperature. 10 cc. of aqueous 4 n NaOH and 30 
cc. of methanol were added, and after 1 hour excess alkali was neutralized 
with acetic acid. A solution of 10 gm. of barium acetate in 100 cc. of water 
was added, and the concentration of methanol was adjusted to 70 per cent. 
The barium salts were allowed to separate overnight in the cold, and they 
were then collected, washed, and dissolved in 150 cc. of water and reprecipi- 
tated with 450 cc. of methanol. They were finally dissolved in water, freed 
of barium ion e.xactly ndth sulfuric acid, and the solution so obtained was 
concentrated under reduced pressure below 40° to a small volume. Addi- 
tion of alcohol produced a white precipitate, which was allowed to form for 
several days in the cold and was then collected and washed. 410 mg. of 
substance were obtained which were purified by solution in water and 
reprecipitation with alcohol. 


CsHhOtNj. Calculated, N 15.2; found, N 15.5 


One-third of the nitrogen was amide nitrogen which was liberated as 
ammonia during hj’’drolysis with 1 n HCl. Found, 5.25; calculated, 5.07. 
The substance gave many of the reactions shown by lycomarasmin, such as 
the iodoform test and the formation of a white, highly insoluble precipitate 
when the dry material was suspended in 1 N NaOH. It was an acid which 
dissolved readily in NaOH and did not give this white precipitate if a large 
excess of n lknll was avoided. The material differed from natural lyco- 
marasmin in that it was more soluble in water. Distinctive erivatives o 
lycomarasmin are lacking, so that precise comparison was no possi e. 
The synthetic substance had the same biological potency as na ura yco 
marasmin, whereas glycylasparagine and glycylaspartic aci gave no e ec 
at 25 times the concentration. 


‘ This ester was prepared by suspending 3.8 S'?' 

anhydrous methanol which was then ^ Vhe^solvent was then removed 

were added and the mi.xture was held at 4 tor “ > additions of 

under reduced pressure at 4 and excess HCl w THp nroduct was then 

methanol, followed by distillation under reduced pressure. Jhe Pjodi^ct w^ then 
.... , • i TrnTT The free ester was obtained Dj suspension 

dried in a vacuum desiccator over the theoretical amount of sodium 

of the hydrochloride in methanol and additio ftninLrpd hv filtration 

methoxii dissolved in methanol. Sodium chloride was removed bj filtration. 
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Biological Assay with Tomato Leaves — The synthetic substance was 
assayed for abihty to cause wilting and curling of excised tomato leaves, 
and it was found that 0.2 mg. per 7 cc. of test medium was the minimal 
effective amount. Lycomarasmin showed the same value in a series of 
parallel assays. The conditions of the test were those described by 
Clauson-Kaas et at. (1,2). In order to improve the accm'acy of the test, it 
was found important to select leaves of uniform size and age and to conduct 
the experiments in a room provided with controlled illmnination and with 
constant temperature and humidity (50 per cent). Graded 2-fold dilutions 
of the material imder test were supplied to the leaves, and the results were 
read after 40 hours. Severity of wilting and curling was then judged, and 
the minimal effective dose which would just cause detectable alteration of 
the leaves was taken as the end-point. Activity was not estimated solely 
by the minimal effective dose, but rather by the responses to larger amounts 
as w'ell. The synthetic and natural products seemed to be equal in potency. 

SUMMARY 

Lycomarasmin, a tomato leaf-wilting toxin isolated by Plattner and 
Clauson-Kaas from culture filtrates of the phytopathogenic fungus Fusa- 
rium lijcopersici, has been studied in an effort to arrive at a satisfactory 
chemical structure for it. This small, peptide-like toxin, of empirical 
formula CsHisOtNs, which yielded glycine and aspartic acid on hydrolysis, 
was shown to be a derivative of asparagine. Thus the 3rd N atom, wliieli 
had previously not been assigned position, was located. Because of the 
reactions which lycomarasmin underwent, a structural formula for it was 
proposed which contained the new amino acid, a-hydroxyalanine. This 
was attached by a common nitrogen atom (f.e., the amino group) to the 
amino group of glycylasparagine. A synthetic product was isolated from 
the reaction of ethyl-a-acetoxy-a-bromopropionate and the methyl ester of 
glycylasparagine, which had properties in common with lycomarasmm, 
including quantitatively the same biological activity. Some reasons were 
advanced for regarding lycomarasmin as a much simplified model of 
proteins. 
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SYNTHESIS AND DETERMINATION OF LYCOMARASMIN 
ACTIVITY OF SOME DERIVATIVES OF ASPARTIC ACID 

By D. W. WOOLLEY* 

(From the Laboratories of The Rockefeller Institute for Medical Research, Nero York)' 
(Received for publication, August 6, 1948) 

Since the phytopathogenic toxin of Fusarium lycopersici, first isolated by 
Plattner and Clauson-Kaas (1), has been shown by Woolley (2) probably 
to have the structure of N-(a-(Q:-hydroxypropionic acid))-glycylasparagine, 
the synthesis and determination of the activity of a number of closely 
related compounds became of interest. Not only would such a study add 
to our Icnowledge of the relationship of structure to biological activity, but 
more especially it would allow investigation on a much simplified scale of 
some problems concerned with the specific activities of proteins. Since 
lycomarasmin is a very small peptide wdth marked activity, the determi- 
nation of how its biological properties are altered by rearrangement of the 
constituent amino acids, or by substitution of new groups, might serve as a 
useful starting point for understanding of similar phenomena connected 
with the specificity of protein action. Therefore, a number of new com- 
pounds related to lycomarasmin, as well as some previously known ones, 
have been prepared and tested for their ability to cause wilting and curling 
of excised tomato leaves. Their potency in this regard has been compared 
with that of the natural toxin, 

EXPERIMENTAL 

Sources of Known Compounds — Lycomarasmin was isolated from culture 
filtrates of Fusarium lycopersici according to the directions of Plattner and 
Clauson-Kaas (1). Aspartic acid, asparagine, serine, glycine, and glu- 
tathione were commercial samples. Pyruvylglycine was made according to 
the directions of Bergmann and Grafe (3), and glycylaspartic acid and 
glycylasparagine by modifications of published methods (4) . These modifi- 
cations were the use of excess of aspartic acid or of asparagine in the re- 
actions with chloroacetyl chloride, and the removal of traces of chloride 
ions from the glycyl compounds with silver acetate. By using an excess of 
the amino acid during the acylation, contamination of the product with 
chloroacetic acid was minimized. The chloroacetylaspartic acid was ex- 
tracted into ethyl acetate from aqueous solution, and then readily crystal- 
lized. The chloroacetylasparagine was not extractable with this solvent, 
so that the reaction mixture was first purified hy removal of ethyl acetate- 

* With the technical assistance of R. Brown and A. Holloway. 



1300 


LYCOSIARA-SjaN ACTIVITY 


soluble matter aud then by evaporation of the aqueous phase and solution 
of the desired product in acetone. It was finally purified by crystallization 
according to published methods. Syntheses of serylglycylaspartic acid, 
serylglycylglutamic acid, glycylserylglutamic acid, and alanylglycylglu- 
tamic acid have been described previously (5, 6). Serylglycylaspartic 
acid was a diastereomeric mixture prepared from OL-serine and L-aspartic 
acid. In addition, a sample was made from OL-serine and OL-aspartic acid 
in order to compare the relative potencies of the two pairs of isomers. 

Glycylserijlasparlic Acid — ^Tosylglycyl-DL-serine azide was coupled with 
diethyl-L-aspartate, and the free peptide was formed in the manner de- 
scribed for the isomeric serylglycylaspartic acid (6). 


CjHuOtNj. Calculated, N 15.2; found, N 15.0 


The product was a mixture of diastereomers, since PL-serine had been used. 

Glycylasparlylserine. (a) Chloroacetylaspariylserine — Chloroacetyl-n-as- 
partic acid was converted to the anhydride by dissolving 16.8 gm. of it in 
100 cc. of acetic anhydride and refluxing the solution for 2 minutes. It was 
then concentrated under reduced pressure to a sirup, which was caused to 
crystallize by addition of 10 cc. of dry chloroform. Precipitation was com- 
pleted by further addition of 50 cc. of absolute ether. The anhydride so 
obtained was converted to the monoethyl ester by dissolving it in 50 cc. 
of hot absolute ethanol, cooling, and allowing the solution to stand for 24 
hours at room temperature. The monoester was purified by removing the 
alcohol under reduced pressure, dissolving the oily residue in absolute ether, 
and extracting the latter solution with 150 cc. of ice-cold 5 per cent aqueous 
NaHCOs solution. The acidic half-ester in the aqueous phase was quickl) 
liberated wdth 1 equivalent of HCl and e.xtracted into fresh ether. This 
ether extract was then dried rapidly with MgSO^, filtered, and freed o 
solvent under reduced pressure. It rvas thus secured as 8.9 gm. of a color 
less oil. By analogy with the behavior of the corresponding tosyl deriva 


tive (7), it was probably mainly the a, rather than the /3 ester. 

The chloroacetylmonoethylaspartate obtained as described above vus 
dissolved in 100 cc. of absolute ether and treated with 9.0 gm. of PCh 
about 30 minutes. The clear solution was then decanted, and the e cr 
was removed under reduced pressure at low temperature. The FOCls naa 
extracted from the residue with cold (—10°) dry petroleum ether, w ere 
upon the acid chloride crystallized as large rosettes. Without ur 
purification, it was suspended in 100 cc. of absolute ether, and to tM so 
tion were added 5.2 gm. of nn-serine dissolved in 60 cc. of ice-cold I n i a 
The mixture wms shaken vigorously and maintained faintly pink to p 
nolphthalein by frequent additions of cold 4 n NaOH. The reaction 
allowed to proceed for an hour in the cold, and then the mixture was ac 



D. W. WOOLLEY 


1301 


fied to pH 2.5 with HCl, aud the ether layer was discarded. The aqueous 
phase was extracted four times with ethyl acetate, and the extracts were- 
discarded. The desired product was then obtained by extracting the- 
i aqueous layer five times with butanol, and the combined extracts were- 
dried with silica gel, filtered, and washed twice witli 10 cc. of water. Th& 
peptide was then extracted into aqueous solution with enough NaOH to 
give a final pH of 7. Mild alkaline hydi-olysis of an aliquot of this solution, 
followed by back titration, showed that some ethyl ester of the required 
peptide probably still remained mixed with the free acid. Therefore 10 cc.. 
of 1 N NaOH were added, and, after 1 hour, this was acidified with 1 equiv- 
alent of HCl. The reaction mixture was then concentrated under reduced 
pressure at a temperature not above 30“ to a small volume and treated -with 
10 volumes of acetone. The acetone-soluble portion yielded 3.5 gm. of an 
oil, which was caused to crystallize by cautious addition of ether. 

G,Hij 07 NiC 1 -HjO. Calculated, N 8.9; found, N 8.9 

(5) Glycijlas’paTlylserinc — 3.5 gm. of the compound just described were dis- 
solved in 250 cc. of concentrated aqueous ammonium hydroxide, and after 
the solution had stood 3 days at room temperature, it was concentrated 
under reduced pressure to about 10 cc. and treated with 200 cc. of absolute 
ethanol. The solid which was thus produced was centrifuged and washed 
with alcohol. In order to free it of chloride ions, it was dissolved in water,, 
treated with an excess of silver acetate, and the filtrate from the mixture 
was freed of silver ions with HjS. When the concentrated aqueous solution 
of the product was treated with alcohol, a flocculent precipitate (2.1 gm.) 
was formed, which was too high in N to be the desired tripeptide. There- 
fore, it was dissolved in water, brought to pH 8 with barium hydroxide,, 
and the barium salt was crystallized by addition of 2 volumes of methanol. 
When barium ions were exactly removed from this insoluble salt wfith sul- 
furic acid, the free peptide was precipitated as a white powder when alcohol 
was added to a concentrated aqueous solution of it, 

GsHuOtNj. Galculated. N 15.2, aspartic acid 48 
Found. “ 15.1, “ “ 47 

Aspartic acid was estimated microbiologically according to the directions 
of Hac and Snell (8), foUowing acid hydrolysis of the peptide. 

Acetyllactylglycylasparagine — 9.5 gm. of glycyl-L-asparagine, prepared as 
indicated above, were acylated in cold, allcaline aqueous solution mt ^ 
ether solution of 15 gm. of acetyllactyl chloride. The conditions of the 
condensation were like those described in the preceding section for the 
acylation of serine.'/ After a reaction time of 1 hour, the mixture was acidi- 
fied to pH 2.5 with HCl, and the aqueous phase was extracted three times 
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with ether and three times with ethyl acetate. The extracts were discarded, 
and the aqueous phase was concentrated under reduced pressure, and below 
40°, to a sirup. This was extracted with 500 cc. of acetone, and the soluble 
portion was concentrated to a thin sirup which was extracted with a few ^ ^ 
cc. of acetone. This operation caused the separation of a gummy precipi- 
tate which ivas collected and dissolved in 40 cc. of methanol. When chlor- 
oform was added to this solution, crystallization began. A yield of 13.8 
gm. of hygroscopic, large crystals was obtained. 

CuHnOiNs. Calculated, N 13.9; found, N 13.9 

This compound -was prepared as a starting material for the synthesis of 
pyruvylglycylasparagine, for it was hoped to remove the acetyl group by 
mild alkaline hydrolysis and then to oxidize the secondary alcohol to a 
ketone. Although the cleavage of the acetyl group seemed to proceed 
readily at room temperature in a slight excess of aqueous NaOH, the 
product obtained was amorphous and very hygroscopic. For these reasons 
a satisfactory preparation could not be made. Attempted oxidation of the 
hydrolyzed product with Fenton’s reagent for the formation of the pyruvyi 
compound gave no desired substance which could be purified satisfactorily. 

oe,a-Diacetaminopropionylglycylasparagine — 8.5 gm. of the azlactone of 
a,a-diacetaminopropionic acid (3) were suspended in 150 cc. of cold alcohol 
and immediately mixed with an ice-cold solution of 9.5 gm. of glycyl-i^ 
asparagine in 52 cc. of 1 n NaOH. The resulting solution was kept at room _ 
temperature for 30 minutes and then acidified with 1 N H 2 SO 4 equivalent | 
to the NaOH used, and concentrated under reduced pressure to dryness 
below 40°. The residue was dried by adding 100 cc. of absolute 
and again concentrating it under reduced pressure. It was then e.vtracte{l 
with 400 cc. of boiling ethanol, and the mixture was filtered hot. A slight 
precipitate which formed when the filtrate was cooled wms discarded, ana 
the alcoholic solution was concentrated under reduced pressure to abou 
30 cc. and treated with 100 cc. of ethyl acetate. 10 gm. of the produc 
crystallized, and this wms recrystallized by adding ethyl acetate to an a - 
coholic solution. The purified material sintered at 140° and melte a 
185-187°. 

CuHjiOiNs. Calculated. C 43.5, H 5.9, N 19.5 
Found. “ 43.5, " 6.2, “ 19.0 

The neutral equivalent was 370, while the calculated value was 359. . 

a-Hydroxy-a-acetaminopropionylglycylaspartic Add — 1 gnu- 
inopropionylglycylasparagine was dissolved in 100 cc. of 0.2 if > 
the solution was refluxed for an hour and cooled. It was then a j,gpj; 
pH 8 with barium hydroxide, treated with 3 volumes of methano , an 
in the cold overnight. The precipitate which had formed was co cc 
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washed well, and then dissolved in water for the exact removal of barium 
ions with sulfuric acid. The resulting aqueous solution was concentrated 
under reduced pressure below 40° to a sirup, which was extracted with 
alcohol in order to free it of pyruvylglycylaspartic acid (75 mg.). The 
alcohol-soluble portion was freed of solvent, dissolved in water, and adjusted 
to pH 8 with barium hydroxide. The addition of 2 volumes of methanol 
and storage in the cold produced a network of crystals, and these were col- 
lected, washed, and dried; yield, 264 mg. 

CnHuOsNjBa-HsO. Calculated. C 28.0, H 3.6, N 8.9, Ba 29.2 

Found. “ 25.2, “ 3.4, “ 8.4, “ 30.7 

The water of hydration was not proved to exist by analysis. Although the 
analytical results indicated that the salt was not pure, the ratios between 
the elements showed clearly that a barium salt of a dibasic acid was the 
major component. The free acid was regenerated by solution of the salt 
in water and addition of an exact equivalent of H2SO4. The aqueous solu- 
tion was freed of BaSO.t and allowed to evaporate slowly in a desiccator over 
KOH. After many days, crystals were obtained which melted at 119-120°. 

CuHnOsN,. Calculated. C 41.4, H 5.3, N 13.2 

Found. “ 42.0, “ 5.1, “ 13.0 

The crystals were relatively unstable and became oily when stored at room 
temperature for several months, possibly due to dehydration of the alco- 
^ holic group. 

This substance as it was obtained in this work was quite probably a mix- 
ture of diastereomeric compounds, because, during the hydrolysis, a new 
asymmetric carbon atom was produced. Since the aspartic acid residue 
was optically active, the appearance of a second asymmetric center should 
give a mixture of two isomers, and these may not have been separated dur- 
ing the purification. No special attempt was made to part this mixture. 

The question may well be raised as to whether the tertiary alcoholic 
group actually was present in the propionic acid residue of this substance, 
or whether it had been eliminated as water, leaving an acrylic acid residue. 
Although there was no direct evidence on this point, the analytical values 
agreed better with the postulate that the hydroxyl group remained than 
with the idea of an acrylic acid compound. The high lycomarasmin activ- 
ity of the compound (which will be described below) fitted into the belief 
that the hydroxyl still remained, because such a structure would contain 
the substituted a-hydroxyalanine residue which is found in lycomarasmin 
( 2 )- 

Pyruvylglycylaspartic Acid — ^As has aheady been indicated, this com- 
pound was obtained in small yield as an alcohol-insolubl^ by-product during 
the preparation of the previously described substance. ^ It was isolated in 
greater amounts by increasing the rigor of the hydrolysis. Thus, 1 gm. of 
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with ether and three times with ethyl acetate. The extracts were discarded, 
and the aqueous phase was concentrated under reduced pressure, and below 
40°, to a sirup. This was extracted with 500 cc. of acetone, and the soluble 
portion was concentrated to a thin sirup which was extracted with a few 
cc. of acetone. This operation caused the separation of a gummy precipi- 
tate which was collected and dissolved in 40 cc. of methanol. When chlor- 
oform was added to this solution, crystallization began. A yield of 13.8 
gm. of hygroscopic, large crystals was obtained. 


C 11 H 17 O 7 N 3 . Calculated, N 13.9; found, N 13.9 

This compound was prepared as a starting material for the synthesis of 
pyruvylglycylasparagine, for it was hoped to remove the acetyl group by 
mild alkaline hydrolysis and then to oxidize the secondary alcohol to a 
ketone. Although the cleavage of the acetyl group seemed to proceed 
readily at room temperature in a slight excess of aqueous NaOH, tbe 
product obtained was amorphous and very hygroscopic. For these reasons 
a satisfactory preparation could not be made. Attempted oxidation of the 
hydrolyzed product with Fenton’s reagent for the formation of the pynivj'l 
compound gave no desired substance which could be purified satisfactorily. 

oi,a-Diacetaminopropionylglycylasparagine — 8.5 gm. of the azlaotone of 
a,a-diacetaminopropionic acid (3) were suspended in 150 cc. of cold alcohol 
and immediately mixed with an ice-cold solution of 9.5 gm. of glycyl-i^ 
asparagine in 52 cc. of 1 n NaOH. The resulting solution was kept at room 
temperature for 30 minutes and then acidified with 1 N H2SO4 equivalent 
to the NaOH used, and concentrated under reduced pressure to dryn® 
below 40°. The residue was dried by adding 100 cc. of absolute 
and again concentrating it under reduced pressure. It was then e-xtract 
with 400 cc. of boiling ethanol, and the mixture was filtered hot. A slig 
precipitate which formed when the filtrate was cooled was discarded, an 
the alcoholic solution was concentrated under reduced pressure to a ou 
30 cc. and treated with 100 cc. of ethyl acetate. 10 gm. of the produc 
crystallized, and this was recrystallized by adding ethyl acetate to m - 
coholic solution. The purified material sintered at 140° and mal 
185-187°. 


CijHji07N8 


Calculated. 

Found. 


C 43.5, H 5.9, N 19.5 
“ 43.5, “ 6.2, “ 19.0 


The neutral equivalent was 370, while the calculated value was 
a-Hydroxy-a-acetaminopropionylglycylaspaTiic Acid 1 gm. 0 
inopropionylglycylasparagine was dissolved in 100 cc. of 0.2 ^ 
the solution was refluxed for an hour and cooled. It was then a J 
pH 8 with barium hydroxide, treated with 3 volumes of methano , a 
in the cold overnight. The precipitate which had formed was co 
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Table I 


Rcsvonscs 0/ Tomato Leaves to Graded Amounts of Lyeomarasmin 

Lyeomarasmin 

Severity of wilting and curling 

rij. rtr 7 cc. 

0.1 

0.2 

0.3 

0.4 

o.s 

2.0 

0 

+ 

++ 

+++ 

++++ 

++++ 

Table II 

Cmpou...!* Hccc^r,lo, Wm., C.,U., B-.p..- i« 

Tomato Leaves 

Excised 

Compound 

Detectable at 

Maximum 
effect at 



ffif. per 7 cc. 

mg. per 

1 cc. 



0.2 

0.8 


5 



15 



5 

Not detectable at 6 

5 

15-30 



>30 


Not detectable at 12 

S_1J 

Glycylaspartic acid 

Serylglycylaspartic acid from L-aspartic acia . 

,1 “ “ DL-aspartic 

4-6 

4-6 

2-4 

12 

6 

Glycylserylaspartic acid 

No effect at 14 


Glycyl-^-aspartylserine 

S-12 


ilcetyllaotylglycylasparagine 

•4 

Not detectable at 15 


Diacetaminopropionylglycylasparagine. 


Diacetaminopropionylglycylaapar i.„r.nrtic 

a-Hydroxy-a-acetaminopropionylglycyla p 

0.3 

Not detectable at 3 

4 

Pyruvylglycylaspartic acid 

« “ “ 7 


Serylglycylglutamic acid 



Glycylserylglutamic acid 



Alanylglycylglutamic acid 




• , -ivere Riven in 

* The activities of these lycomarasmin, because U was found 

(5), made them appear too active relative^ ^ J comparison was im- 
subsequently that the lycomarasmm w 

pure. . 

j- 1 Ipives and more curling than wilting 
wilting than curling in some f rated on a scale ranging from 

in others. To arrive at a value, each leaf was 
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± to ++++, by taking into account the extent of wilting, of curling and 
shriveling, and of obvious necrosis. Between the extremes' of ± and 
++++ there was a range in which graded amounts produced graded 
severity of change in the leaves. This is illustrated by the data in Table 1. 
The ratings of indi-vidual leaves in a group exposed to the same concen- 
tration of a substance were usually in good agreement. The values for the 
activity of a compound could be duplicated by subsequent assays within 
a factor of 2. Frequently identical values were found in such duplicate 
determinations. 

Lycoinarasmin Activity of Various Compounds — ^The lycomarasmin activ- 
ity of a number of substances was determined in the manner just indicated, 
and the results are summarized in Table II. 

DISCUSSION 

Among the compounds tested, it is evident that small changes in the 
nature of the amino acid residues had a greater influence on activity than 
did slight changes in the position of these residues. In general, even minor 
changes in the amino acid composition affected potency very much, while 
considerable alteration in the manner of linlcage of the amino acids usually 
had a minor influence. Lycomarasmin may be viewed ‘as a substance con- 
taining 3 amino acid residues; viz., those of asparagine, glycine, and a-hy- 
droxyalanine. When these three components were maintained, but rear- 
ranged so that the a-hydro.xyalanine was attached to glycine in a peptide 
linlvage rather than by a common nitrogen atom (as is the case in lyco- 
marasmin), a relatively active compound, a-hydroxy-a-acetaminopro- 
pionylgl^mylaspartic acid, was realized, even despite the fact that it was a 
deiivative of aspartic acid rather than of asparagine, and that its amino 
group V as covered ivith an acetyl radical. However, when the amino acid 
natuie of this substance was changed by moving the hydro.xyl to the § 
position, as in serylglycylaspartic acid, the activity was diminished appre- 
ciably. Furthermore, when the change was greater and the amino group 
eluninated, as in acetyllactylglycylasparagine, the resulting compound was 
much less active than lycomarasmin. The acetyl group in the acetyl- 
lactylglycylasparagine did not seem to be particularly inimical to potency, 
because removal of it by mild alkaline hydrolysis did not greatly increase 
t e biological activity. The relative potencies of serylglycylaspartic acid 
and of serylglycylglutamic acid throw more light on the effect of changing 
slightly the amino acid composition. The mere introduction of a CHj 
grouping in passing from aspartic to glutamic acid was enough to reduce 
the potency of the compound. Other similar examples may be seen from 
the data in Table II. 

In considering what features of the lycomarasmin molecule may b® 
responsible for its biological activity, one should note two points from this 
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t'ie t^ee pairs of similar compounds which 
differed only m that one of the set was an aspartic acid derivative while the 
^ j other ''as from asparagine, the asparagine compounds were slightly more 
- active « The second is the rise and fall of activity as one passed, by partial 
hydrolvses, from diacetaminopropionylglycylasparagine, through a-h5^- 
droxy-o-acetaminopropionylglycylaspartic acid to pyruvylglycylaspartic 
acid. Ala-Yimal potency was displayed in this series by the compound 
containing an a-hydro.xyalanine residue. It i\-ill be remembered that 
lycomrasnun contained both an asparagine and an a-hydro.xyalanine 
residue, while inactive Substance I obtained from it by heatino-, possessed 
neither. 


The effect of changing positions of the amino acid residues may be studied 
in one of its aspects from the results with the three peptides containing ser- 
ine, glpine, and aspartic acid. Serylglycylaspartic acid and glycylseryl- 
aspartic acid were appro.ximately of the same activity. However, glycyl- 
aspartylserine was inactive. One may argue that the placing of a serine 
residue on the ^-carboxyl group of aspartic acid has blocked the possibility 
of amidation to asparagine which might take place in the leaves during the 
test, but nevertheless the inactivity of this position isomer should serve to 
show the dangers and limitations of generalizations about the relative effects 
of changing composition compared to altering arrangement of the amino 
acid residues. IMany sorts of isomers must be examined before the question 
can be answered, even for a simple peptide such as lycomarasmin. 

The results with the two preparations of serylglycylaspartic acid, one 
made from L-aspartic acid and the other from the dl isomer, would tend to 
suggest that optical configuration is not a crucial matter in Ij'comarasmin 
activity. Although the two preparations were admittedly mixtures of 
diastereomers, which may have been partially separated during the puri- 
fication procedures, the results were essentially the same when the assays 
were performed on the crude reaction mixtures of the sjmthesis, before any 
purification had taken place. 

The large number of substances which showed some abilitj’- to wilt and 
curl tomato leaves must raise a question about the specificity of the test for 
lycomarasmin. In our e.xperience, almost any substance, even XaCl or 
NH4CI, will cause some wilting of the leaves if the concentration is high 
enough. This is probably due to disturbances of osmotic pressure, or to 
other changes, and not to those effects associated with the action of lyco- 
marasmin. Gaumann and Jaag ( 9 ) have e.xamined the characteristics of 
the alterations in leaves attributable to the to.xin and have compared them 
to those found in leaves wilted from other causes. However, at present no 
'vay of improving the specificity of the lycomarasmin test seems e^ddent. 


' Both members of the pair glycylasparagine and glycylaspartic acid were so little 
active as to make their contribution to this point questionable. 
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Possibly one qualitative aid might be the extensive and severe character of 
the changes elicited by the toxin in comparison to those of substances such 
as glycine or aspartic acid. In these latter cases the production of black, \ 
necrotic spots and the drying and shriveling of the leaf edges were not evi - ' 
dent as they were with lycomarasmin and with the more active compounds 
studied in this investigation. The interpretation to be placed on the activ- 
ities of compounds less than 5 per cent as effective as lycomarasmin must 
be open to grave doubts. In fact, the biological relationship of any of the 
substances to the natural toxin will remain open to question until a more 
specific test can be evolved. 


SUMSIAEY 

A number of new derivatives of aspartic acid and of asparagine have been 
prepared in order to examine the effects of various structural changes on 
the activity of lycomarasmin, w'hich is a peptide derived from asparagine, 
glycine, and probably a-hydroxyalanine. Thus, glycylserylaspartic acid, 
glycyl-^-aspartylserine, acetyllactylglycylasparagine, a,Q:-diacetaminopro- 
pionylglycylasparagine, the corresponding aspartic acid compound, a- 
hydroxy-a-acetaminopropionylglycylaspartic acid, and pyruvylglycylas- 
partic acid were synthesized. These, along mth kno^vn compounds such 
as glycylaspartic acid, glycylasparagine, aspartic acid, asparagine, glycine, 
serine, pyruvylglycine, serylglycylaspartic acid, serylglycylglutamic acid, 
and glutathione, were compared -with lycomarasmin for ability to cause 
excised tomato leaves to wilt and curl. Several of the peptides were 
somewhat less active in this respect than was lycomarasmin, but one of 
them, a-hydroxy-a-acetaminopropionylglycylaspartic acid, was about equal 
to the natural toxin in activity. Some produced no detectable effect. 
Comparison was made of the relative effect on activity of changing the 
position of an amino acid in a peptide with that of altering the nature of the 
amino acid. From the limited data, changes in position seemed to affect 
potency less than replacement by a new amino acid, but the limitations o 
the argument were recognized. The specificity of the biological test was 
also discussed. 
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(Received for publication, Julj' 24, 1948) 

Several findings reported in the literature point toward a functional 
relationship between pteroylglutamic acid (PGA, vitamin folic acid) 
and the synthesis of certain constituents of nucleic acids, but the related 
specific reactions have not been identified. Snell and Mitchell (1) ob- 
served that thymine plus a purine base could partially replace PGA for 
olreplococcusfaecalis R in a medium similar to that used by Snell and Peter- 
son (2) in their report on the Lactobacillus casei factor. Stokstad (3) 
observed a similar relationship for Lactobacillus casei, but only about one- 
half maximum acid production could be induced by the substituted nutri- 
ent. Stokes (4) suggested that PGA may “function as a coenzyme for the 
enzyme system responsible for the synthesis of thymine (or more probably 
a thymine-like compound) which, in turn, is used by the bacteria to form 
nucleic acid.” 

Observations by others, however, suggested that PGA is not involved 
'directly in the synthesis of thymine. Hitchings, Falco, and Sherwood (5) 
studied the effect of pyrimidine derivatives on Lactobacillus casei. The 
organism was inhibited by 5-bromouracil when grown in media containing 
thymine, but was not inhibited in the presence of PGA. In contrast, 
5-nitrouracil inhibited growth when PGA was supplied but not when thy- 
mine was substituted. This reversal was interpreted as indicating that 
th3mine and folic acid were not components of the same anabolic system. 
Hall (6) observed a synergistic effect between thymine and PGA in the 
growth of Streptococcus faecalis R and suggested that “thymine may actu- 
ally be a precursor of folic acid or that thymine is participating in some 
alternate metabolic path.” Strandskov and Wyss (7) observed that an 
analogue of thymine, thiothymine, competitively inhibited Lactobacillus 
casei in the presence of thymine, but was inactive in the presence of PGA. 
This was given as “strong evidence that thymine precedes Bo in some syn- 
thetic process.” Alternate metabolic pathways for thymine and folic acid 
could also e.xplain the effect of thiothymine. 

Inhibition studies by Lampen and Jones (8, 9) with sulfonamides and 
by Rogers and Shive (10) with a folic acid analogue, methylfolic acid, indi- 
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cate that PGA is involved in the biosynthesis of thymine, or a thymine- 
like compound, and purines. Stokstad et al. (11) observed additional inter- 
relationships in cultures of Streptococcus faecalis K, indicative that PGAi 
may be involved in the synthesis of thymine and adenine. Stetten and 
Fo.x (12) observed, with Escherichia coli during bacteriostasis due to sul- 
fonamides, an accumulation of an amine which was identified by Shive 
et al. (13) as 5(4)-amino-4(5)-imidazolecarboxamide. This compound may 
be either a purine precursor or formed from a purine precursor. Formyl- 
folic acid or rhizopterin has been suggested as a formylating agent in the 
introduction of a carbon unit into this amine. Schopfer (14) observed that 
bacteriostasis by sulfathiazole could be offset in part by adenine or by 
nucleic acids. 

In the present investigation, an impairment in the synthesis of desoxy- 
ribonucleic acid (DNA), but not of ribonucleic acid (ENA), was found to 
result regularly from PGA deficiency. 

EXPERIMENTAIi 

Culture and Medium — The organism used was Lactobacillus casei 7469. 
Monthly transfers were made as stab cultures in a medium containing 1.5 
per cent of Bacto-agar, 0.5 per cent of glucose, and 2 per cent of Bacto- 
yeast e.\tract. After incubation at 37“ for 22 hours, the cultures were 
stored at appro.ximately 5°. 

The inoculum was prepared first by a transfer from the stock culture to 
a tube containing the above medium. After incubation for 18 to 22 hours, 
a second transfer was made into a medium containing 0.5 per cent of glucose 
and 2 per cent of Bacto-yeast extract. The cells were centrifuged after 22 
hours and washed three times with sterile 0.9 per cent sodium chloride 
solution. Sterile saline was added to the suspension of cells until a stand- 
ard density reading was obtained (89 to 90 in an Evelyn photocolorimeter, 
Filter 720). A 2.5 ml. aliquot of this suspension was used to inoculate 
500 ml. of the medium described in Table I. 

The medium was essentially that of Teply and Elvehjem (15), with the 
vitamin modification of Roberts and Snell (16). Half liter quantities w'ere 
sterilized in 1 liter Erlenmeyer flasks for 15 minutes at 20 pounds pressure. 
Upon removal from the autoclave, the flasks were cooled in an ice bath. 

Harvesting of Cells— Aitev incubation at 37° for 22 hours, the inoculate 
flasks were cooled to 0-5“ and centrifuged under refrigeration. The ce s 
were washed once with ice-cold distilled water (volume approximate y 
X 20) and adjusted to volume (100 to 250 ml.). 

Methods of Analysis — ^Aliquots of the bacterial cell suspensions were 
used for the following analyses: 

Dry Weight — Triplicate samples were dried at 105° for 12 hours. 
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Nitrogen — Duplicate samples were digested according to the method of 
Koch and IMclMeekin (17). After appropriate dilution, 1.5 ml. of modi- 
fied Nessler-Folin reagent (17) were added to 10 ml. of the diluted sample, 
j Light transmission was read in an Evelyn photoelectric colorimeter, Filter 
'420. 

Acidity — 10 ml. aliquots of the supernatant of the medium were electro- 
metrically titrated with 0.1 n KOH to pH 7.2. 

“V 

Table I 


Composition of Media 


Component 

Glucose (HjO) 

Casein* 

KsHPO, 

Sodium acetate (3HjO) 


Adenine sulfate 

Guanine hydrochloride.. .. 

Uracil 

Xanthine - 


Quantity per 
liter 

Component 

Quantity per 
liter 

22 

gm. 

I< 

Choline 

2.5 mg. 

5.0 

Salts Bt 

5.0 ml. 

2.5 

tt 

p-Aminobenzoic acid 

100 7 

33.2 

ti 

Calcium pantothenate 

500 “ 

100 

mg. 

<( 

Nicotinic acid 

500 “ 

200 

Pyridoxine hydrochloride... 

1000 “ 

200 


Thiamine hydrochloride. . . . 

500 “ 

400 

(< 

Biotinf 

4 “ 

10 

(t 

Riboflavin§ 

500 “ 

10 

<1 

Pteroylglutamic acid|| 

2.0 “ 

10 

10 

(( 

(( 

Thymine H 

500 “ 


* Squibb’s casein enzymatic hydrolysate, treated four times with 10 per cent by 

weight of Darco G-60 carbon at pH 3.0 for 0.5 hour period^ to n n o MnSO . 

t Salts B = MgS0.7H.0 4.0 gm., NaCl 0.2 gm., FeS0..7H,0 0.2 gm., MnSO,- 
4H2O 0.2 gm., HsO to 100 ml., plus 0.5 ml. of 50 per cent HibUi. 
t Biotin-restricted medium contained 0.1 7 psr liter. 

§ Riboflavin-restricted medium contained 10 t P®"" r,o,- i;tpr We are 

11 Pteroylglutamic acid-restricted medium contained 0.05 7 f 
indebted to Dr. T. H. Jukes of the Lederle Laboratories Division, Amencau Cyan 

amid Company, for supplying generous quantities of P . . , 

H Thynflne was included only when pteroylglutamic acid was omitted. 

Turbidity — Transmission was measured in an Evelyn photoelectric co 
hneter with Filter 720, adjusted to read 100 when ^^^er was ^ed. 

Nucleic Acfds-Duplicate samples were used for ext 
acids by the method of Schneider (18). The ac ot every 

with 7 per cent trichloroac^etic acid in ^as then centri- 

15 minutes through a 2 hour period. P . of ice- 

fu.ed unde, reMpration and 
cold o per cent trichloroacetic acid. The 

its volume of 5 per cent trichloroacetic ac j tbp residue was re- 

90°, with frequent stirring. After being centrifuged, the residue was 
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heated with 5 per cent trichloroacetic acid for 15 minutes at 90°. The 
supernatants from the two extractions were combined and made up to vol- 
ume. 

Desoxyribonucleic acid was determined by the diphenylamine reaction 
described by Dische (19). The desoxyribonucleic acid standard was pre- ' 



Fig. 1. Rate of growth of Laclobacillus casei in media containing excess PG-’t 
(control), thymine substituted for PGA, and deficient in PGA, riboflavin, or biotm. 

pared from fresh calf thymus glands by the modified method of Levene 
and Bass (20). 

Ribonucleic acid was determined by the Albaum and Umbreit fflo 
fication (21) of the orcinol reaction (22). A correction (18) for the 
ribonucleic acid content was applied. The ribonucleic acid standard 
yeast preparation obtained from Merck and Company. 
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The purity of both standards was estimated from their phosphorus con- 

^ tetranucleotide structure. On this 
^ / IS ENA and A were 88.4 and 87 .1 per cent pure, respectively. The 

^ ^ included consideration of the purity correction 

applied to the standard nucleic acids. The N:P ratios for ENA and DNA 



Pig. 2. Rate of acid production of Lactohacillus casei in media containing excess 
PGA (control), thymine substituted for PGA, and deficient in PGA, riboflavin, or 
biotin. 


Were 1.68 and 1.60, respectively, compared to the calculated ratios of 1.70 
and 1.69. Choice of a proper nucleic acid standard is difficult, because of 
incomplete information regarding composition of the pure acids. 

Results 

PGA and Thymine Relationships to Nucleic Acid — ^A comparison was 
naade of nucleic acid synthesis in media of varying folic acid and thymine 
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content, bacteria in approximately the same growth h^ 

used. Data regarding growth and acid production will be noted Figs. 

' Ts'sLwninTable II, there wasnosignificantfc 

acid content of bacterial cells when supphed with either abundant oj 

stricted quantities of PGA._ There \ eontast, 

of nucleic acids when thymine replaced PGA in the 
a marked decrease in the desoxyribonucleic acid content resulted 

growth was restricted by a PGA deficiency. 

Table II 

mcUic Acid., NUr.,.d, D„ Wei,U. aad Acid PMd oj LdcMb, »» 

•— nfonm* 




Components varied 
in mediat 

Desoxyri- 

bonucleic 

acid 

Ribonu- 
cleic acid 

Nitrogen 

0.1 N acid 
per 10 _tnl. 
media 

Total cell 
mass 

0.1 N acid 
per 

mg. cells 

* Series A, averages and ranges of five runs 

w/. 

Control, PGA 2.0 7 
per liter 

PGA-deficient, 0.05 
7 per liter 

Thymine, 500 7 per 
liter 

per cent 

1.47 

1 . 22 - 1.74 

0.79 

0.56-1.08 

1.89 

1.56-2.42 

per cent 

12.7 

11.6-13.8 

12.6 

12.1-13.2 

17.3 

16.4-17.8 

per cent 

8.67 

8.00-9.57 

9.86 

9.19-11.5 

10.4 

8.98-12.6 

ml. 

10.0 

8 . 2 - 11.1 

3.2 

3. 1-3. 7 
3.0 

2 . 3-3. 7 

gm^ Peri» 

1.34 

1 . 08—1 . 63 
0.286 

0.220-0.348 

0.302 

0.241-0.375 

0.75 

0.68-6.78 

1.11 

1.06-1.12 

0.98 

0.93-1.10 


Series B, averages and ranges of four runs 


Control, PGA 2.0 7 

1.42 

13.6 

9.09 

per liter 

1.33-1.51 

12.9-14.7 

8 . 00 - 10.2 

Ribofiavin-deficient, 

2.08 

20.0 

12.1 

10 7 per liter 

1.97-2.35 

18.1-22.9 

10 . 6 - 12.8 

Biotin-deficient, 0.1 

2.42 

15.8 

10.9 

7 per liter 

2.31-2.50 

14.5-16.8 

9 . 20 - 12.0 


I1O.9 

110.&-10.9 

4.1 

3. 9-4.2 
7.0 

6 . 4r-7 . 6 


1 I .42 

1.41-1.12 

0.212 

0.202-0.226 
0.518 
0.363-0.690 


0.77 
0.76-0.78 
1.93 

1.82-2.08 

1.38 

1.00-1.'?® 


* Dry weight basis after 22 hours at 37°. _ 

f Standard components of the media are listed in Tab e 

The quantities of acid produced per mg. of dry bacterial cells 
most identical under the conditions of PGA deficiency^ nroductioa 
replaced PGA. A higher concentration of PGA caused e pJ 

to be approximately tripled. Hall (6) observed a decrea ^^^3 not 

acid production as the pH of the medium fell, but the chan„ 
marked within the pH range of the tests reported here. ^^jjent 

A increase in the nitrogen content of the bacteri 
both as a result of growth on a PGA-deficient medium an 
was substituted for the vitamin. 
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Comparison of PGA, Riboflavin, and Biotin Deficiencies— For compara- 
tive purposes, a further study was made of nucleic acid synthesis when 
growth was restricted by a riboflavin or biotin deficiency. The bacteria 
'’when harvested were approaching the end of their active growth period 
(22 hours) in the medium deficient in biotin. In the riboflavin-restricted 
medium, growth practically ceased at the end of 15 hours, but acid pro- 
duction continued. The cells were harvested as in the preceding experi- 
ment after 22 hours of growth. 

The data in Table II show that both the RNA and the DNA contents of 
bacterial cells subjected to biotin or riboflavin deficiency were significantly 
higher than in cells that were grown in a PGA-deficient medium or in a 
medium which contained more nearly optimum concentrations of all 
nutrients (control medium). 

Acid productions in riboflavin- and biotin-deficient media were 38 and 
64 per cent, respectively, of the quantities produced under more nearly 
optimum nutrient conditions. But the amounts of acid produced per mg. 
of dry cell mass formed in riboflavin- and biotin-deficient media were 250 
and 180 per cent, respectively, of the quantities produced under optimum 

nutrient conditions (Table II). . -u a • 

The nitrogen values on a dry weight basis after growth in riboflavm- 
and biotin-deficient media were 133 and 120 per cent, respectively , of the 
control values. 


discussion 

The degree of PGA restriction in the medium and the tiine interval for 
culture growth were selected, in part, on the basis of producing a ce rnass 
and an acidity that would be approximately equivalent to t e respec ive 
values obtained when excess thymine replaced PGA in t e me i^. e 
contrast between desoxyribonucleic synthesis (decrease) an n onuc eic 
acid synthesis (no change) was sufficiently striking to point oivar ^ 
cific functional role of the nutrient in one or more of the steps essent 

for synthesizing desoxyribonucleic acid. zo co- 

in view of the role which Boiven el al. (23) and Belozersky 
gested for deso.xyribonucleic acid in bacterial cel s, ^ ® fio-pnpv'" A 

explore further L changes that are associated ^th ^ 

new type of lead is provided by Shive et al. (25), w o iso a e o ^ 

a crystaUine compLd which was several ttoes as active ^ 

, producing one-hak maximum growth and 
acid toxicity. This compound was identical with he nucleosid hj-^^e 
in x-ray diffraction pattern and biological properties. HaU ha^ reporied a 
product or products derived from histidine by chemical (-6) and enzy 
(27) procedures with PGA activity for Slreptocoanis ac 
Ae biotin and riboflavin studies were conducted primarily to find 
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whether the decreased desoxyribonucleic acid production might be due 

both o^Z l r ^ “^derate increase in 

Price Milled ^ ” proportion of the two products. ■ 

ttS pNA Is ^ ^ difference in 

deficient ^ ^*oflavin 

fouSXtThpS observations on other organisms (29, 24, 30) it was 
as the Is If +r “u ofLactobcunllus casei tended to decrease 

19 fnerX/ ‘^^^^nt, for example, was 

Thl DN A oLT V? 14.7 per cent in the 22 hour culture. 

ill v^rZ L OO ^ it decreased to 

ifjt ZZZ" "go relationship may explain, 

eroL in r-K nucleic acid values observed with Laclobacillus casei 

substitiitPfl f*^ 0^ biotin-deficient media and in media with thymine 

effects of PGA deficiency. """"‘derations lend emphasis to the observed 

ohtaZl^ZlZ in increasing the nucleic acid content above that 

port Stok-P-?’ rl) ‘".od^'^ (optimum PGA) does not necessarily sup- 

'ince an ifcrl? is involved in thymine synLis, 

I medium dpfi T • ° • ,^^0" nucleic acid also resulted from growth in 
1 medium deficient in either riboflavin or biotin. 

blood cpHcsIIf observed influences of PGA, failure to foim red or white 
deficiencv In is one of the most characteristic features of a 

“the ratp nf + ^"dney , Swendseid, and Swanson (31) found that 

creased bvl XX-® PGA-deficient rats was in- 

in the scmllf ” Woodruff and Darby (32) reported that 

narv excrptin PJS either ascorbic acid or PGA decreased the uri- 

abnorm-illv b°i? ^^syl derivatives and keto acids, xvhich appeared in 
diet TnH ^uneentrations due to the addition of L-tyrosine in the 
tort' effect S reported that PGA counteracted the inhibi- 

bacteriumhn-ff ' bnth growth and porphyrin production of Cortjne- 
folic acid 'if ""d Beiler (34) have reported that 7-methyl- 
decarboxvloi^^^ analogue of PGA markedly inhibited dopa 

there been ^ ^ Preparations. In none of the above cases has 

direct role citing the specific reactions in which PGA plays a 


SUAIMARY 

Pi^ci'oylglutamic acid in a medium otherwise favor- 

i^rnpi orewth of ZactobaciIZus casei resulted in a distinctljriowercon- 

"" ", ncid, while the content of I’ibonucleic acid was 

e.ssentially unchanged. 
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xl comparable deficiency of riboflavin or biotin did not cause a similar 
selective effect, but instead resulted in a moderate increase in the content of 
both types of nucleic acid. 

^7 An e.vcess of thymine, adequate to afford growth and acid production 
rates approximately equal to the respective values resulting from pteroyl- 
glutamic acid deficiency, caused a moderate rise in both deso.xyribonucleic 
acid and ribonucleic acid. 
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OXYBIOTIN METABOLISM IN THE CHICK* 

" ^ deposition of oxybiotin in tissues 
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oxygen analogue of biotin, can replace biotin in the nutri- 
the rat (1), the chick (2), and certain microorganisms (3). It has 
een clearly established that Saccharomyces cerevisiae and Rkizohium In- 
fohi can utdize o.ybiotin directly (4, 5). Recently Krueger and Petemon 
(bj have obtained similar results with Lactobacillus pentosus. The present 
experiments were designed to determine whether oxybiotin is active as such 
or Whether it is converted into biotin by the chick. 

If o.xybiotin is active as such, its administration to biotin-deficient ani- 
mals should lead to an accumulation of oxybiotin in the tissues with no 
concomitant increase in their biotin content. Furthermore, there should 
be a correlation between the growth response of the animals and the o.xy- 
Diotin content of tissues. This paper presents the results of a study of the 
eposition of o.xybiotin and biotin in chick tissues following the intramus- 
< cular adn^^tration of these compounds. By differential assay for biotin 
and o.xybiotin it has been possible to demonstrate that the increased “bio- 
ogical activity" (or biotin-like activity) of tissues (as measured micro- 
^ lologicaUy) which appears after the administration of oxybiotin to chicks 
^ due to oxybiotin rather than biotin. The growth response of chicles was 
found to parallel the increase in the o.xybiotin content of their tissues. 


EXPERIMENTAL 

Care of Animals 

Day-old white Leghorn cockerels served as experimental animals through- 
out this study. The basal diet was essentially the same as that used pre- 
viously^ for oxybiotin studies (2), and consisted of de.xtrin, 55.7 per cent; 
Labco vitamin-free” casein, 20 per cent; dried raw egg white, 10 per cent; 
salts, 5 per cent (7) ; fortified corn oil,^ 5 per cent; solubilized liver fraction 

* This work was aided by grants from the Buhl Foundation, from the Williams- 
Waterman Fund of the Research Corporation, and from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. A preliminary report of these studies has appeared {Federation Proc., 6, 
276 (1947)). 

* Per 100 gm. of fortified corn oil: a-tooopherol 160 mg., 2-methyl-l, 4-naphthoqui- 
none 20 mg., vitamin A 80,000 U. S. P. units, and vitamin D 16,000 U. S. P. units. 
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L," 2 per cent; glycine, 2 per cent; choline chloride, 0.2 per cent; and i- 
inositol, 0.1 per cent. To each kilo of ration were added tliiamine hydro- 
chloride, 10 mg.; riboflavin, 15mg.;pyridoxine, 15 mg.; calcium pantothen- 
ate, 50 mg.; nicotinic acid, 100 mg.; and pteroylglutamic acid,® 1.0 mg. 
After 1 week on this basal ration, the chicks were separated into four 
comparable groups on the basis of their weight and growth performance. 
One group served as a control, while the other three were injected intra- 
muscularly on alternate days with 2, 8, or 20 y of df-oxybiotin (Table I). 
Two chicks from each group were sacrificed each week for the following 4 
weeks, and all of the surviving chicks were sacrificed at the end of the 5th 
week of injections. Immediately after decapitation, the heart, liver, spleen, 
and a sample of leg muscle were removed from each chick and kept frozen 
until analyzed. 

A second experiment conducted in a similar manner included the follow- 
ing: (a) a positive control group supplied with a commerical chick ration,^ 
(h) two groups injected on alternate days with either 0.3 or 15.0 y of 
d-biotin, (c) two groups injected on alternate days with either 2.0 or 30.0 
7 of dZ-oxybiotin, and (d) a negative control group fed the basal ration alone. 
After 5 weeks of injections, all chicks were sacrificed and tissues were re- 
moved for analysis (Table III). 


Analytical Procedures 

Preparation of Samples — Studies were made of various procedures for 
the extraction of biotin and oxybiotin from tissues. These included auto- 
claving or refluxing the minced tissue samples for various pc’iods of time 
up to 6 hours with various concentrations of HCl or H2SO4 up to 6 N. 
Neither time, concentration of acid, nor choice of acid appeared to be par- 
ticularly critical in these studies. Autoclaving at 15 pounds pressure for 
2 hours with 30 ml. of 5 N HCl per gm. of dry weight of sample was found 
to liberate the largest amount of “biological activity” from tissues, and tlus 
procedure "was adopted for general use. Recovery of biotin or oxybiotm 
added either before or after hydrolysis was good. Following the digestion, 
each solution was filtered, the residue washed with dilute acid and vith 
water, and the combined filtrates evaporated to dryness. These soli s 
.were then dissolved in water, adjusted to pH 6.7 with dilute NaOH, an 
made up to volume. Aliquots were diluted for microbiological assay. 

Microbiological Assays — ^All analyses were made by the Wright ^ 
Skeggs (8) microbiological procedure with Lactobacillus arabinosus as 0 


* Supplied through the courtesy of Dr. David Klein, The Wilson 

’ Pteroylglutamic acid was kindly supplied by the Lederle Laboratories ’ 

American Cyanamid Company; all other water-soluble vitamins by Merck ana 
pany. 

* Purina chick Startena. 
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test organism.'* For this organism, 0.4 my of di-oxybiotin is equivalent to 
0.2 my of (Z-biotin, and the two growth curves are superimposable. The 
“biological activity” (or biotin-like activity) of a tissue extract, therefore, 
■^represents the response to the sum of the biotin and oxybiotin present and is 
expressed in terms of d-biotin. 

Two types of differential analysis for biotin and oxybiotin were used. 
The permanganate procedure (4), modified to use Lactobacillus arabinosus 
as the test organism, and the Raney’s nickel procedure (9) were found to give 
comparable results. In both methods biotin is converted into a compound 
inactive for Lactobacillus arabinosus, by permanganate into the sulfone and 
by Raney’s nickel into desthiobiotin. Any activity remaining after either 
of these treatments is assumed to be oxybiotin, since under the conditions 
of these tests o.xybiotin is unaffected. Good recoveries of added oxy- 
biotin were obtained. Thus, in a sample containing both biotin and oxy 
biotin, an aliquot was removed and treated by either permanganate or 
Raney’s nickel and then assayed simultaneously with an untreated aliquot. 
The difference between the values of the treated and untreated aliquots was 
a direct measure of the biotin present in the sample. 


Results 

The growth response of chicles to graded doses of oxybiotiri confirms the 
earlier observation (2) that dZ-oxybiotin is approximately 1 per cen as 
active as d-biotin in the nutrition of the chick. Thus, c rices ® 

second series which received a dosage of 2.0 y of i?- 

greater weight (204 gm.) than those rvhich received • J ° ^ 

gm.), while the group receiving 30 y of dZ-oxybiotin weig e ess 

than those receiving 15 y of d-biotin (268 gm.). , . r .v, 

Table I summarizes the “biological activity” found in ™ 

injected with graded doses of oxybiotin. No sigmficant 
observed in the concentrations of biotin-like activi y o issue , ^ 

sacrificed at the varying time intervals and, therefore, all of i^^ 
figures were included in the averages for each group. 
dosage level, the tissue coneeutrotious attamed 

week after injections were started J, 4ight of tissue) 

a progressive increase in concentration (per g . nhciprved For 

and in total amount of biotin-like activity per organ J 

various tissues the concentrations of f 

■ animals. The total anrounts of to rndMnal 

showed even larger increases because of t o 

> jj j r.e. 1 . inn ml of the original single-strength 

‘ L-Asparagine (0.01 gm.) was added pe 

medium. 
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organs in the injected animals. An examination of the relative increases in 
concentration of biotin-like activity with increased dosages suggests that 
the tissues approach saturation with a 20 7 dosage. A close parallelism 
was also observed between the growth response and the concentration oi^. 
biotin-like activity found in individual tissues. ■■ 

The tissues from the chicks of the first series which received injections 
of 2 7 of di-oxybiotin on alternate days for 5 weeks were subjected to dif- 
ferential assay for oxybiotin and biotin by the Raney’s nickel procedure 
(9) (Table II). Tissues from chicks of the second series which received 
injections of 30 7 of df-oxybiotin on alternate days for 5 weeks were sub- 


Tabie I 

“Biological Acliviiy" of Tissues from Chicks Injected with Oxybiotin 



Controls 

1 Oiybiotin-injectcd chicks 


Dosage,* 7 


2 

1 1 

8 ! 

20 

Average starting 





weight,! gm.. . 

o5 

57 

53 

54 

Average final 




1 

weight, t gm. . 

139 

201 

234 

254 

Liver, my per gm.\ 

420 ± 47§ 

810 ± 77 

1,900 ± 70 

2,590 ±82 

“ total my ] 

1820 (14)11 

4840 (14) 

12,200 (17) 

16,740 (15) 

TAeSiTlirnypergm. 

34 ±5.5 

96.5 ±9.2 

190 ± 10 

220 ± 7.3 

“ total my. . 

30 (14) 

112 (14) 

230 (17) 

300 (15) 

Spleen, my per 




1 

1 120 ± 4.6 

gm 

23 ±3.3 1 

41 ±4.1 

85 ± 8.4 

Spleen, total my. 

2.6 (13) 

9 (14) 

26 (17) 

45 (15) 

Muscle, my per 


1 


1 

192 ± 13 (9) 

gm 

12 ± 1.5 (6)1 

65.5 ±12.5 (6) 

120 ± 5.1 (U) 


* Injected on alternate days into breast muscle. 
t After 1 week on basal diet, 
t Average weight of chicks at end of experiment. 

§ Mean ± standard error of the mean. 

II The figures in parentheses are the number of tissues analyzed. 

jected to differential assay for oxybiotin and biotin by the permanganate 
procedure (4). Table III summarizes these findings in comparison wj 
the biotin content of tissues from deficient controls, chicks injecte 
biotin, and chicks on a commercial ration. At these two dosagn eve 
(2 and 30 7 , respectively) the concentrations and total quantities of w m 
found in tissues from chicks injected with oxybiotin and control chicks 
not significantly different. However, despite the similarity of amoun 
biotin found in the chicks injected with oxybiotin and control groupSj 
former groups averaged, respectively, 60 and 83 gm. greater j 

body weight during the 5 week period. Thus, no correlation was 0 scr 
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Table II 

Biolin ami Oxybiotin in Tissues from Chicks Injected with Oxybiotin 



J'Biotln 

d^-Oiybiotia 


total my 

1970 (6)t 

mt per gm. 

300 

total my 

6420 (6) 

my per gm* 

980 


1820 (14) 

420 

0 

0 


19 (6) 

13 

150 (6) 

110 


30 (14) 

34 

0 

0 


(6) 

17 

(6) 

80 


(6) 

12 

0 

0 






* 2 y oi dJ-oxybiotin on alternate days for 5 weeks, 
t The figures in parentheses are the number of tissues analyzed. 


Table III 


Groups 

Deficient con- 
trols 

Oxybiotin-injcctcd* 

Biotin-mjectedt 

Commercial 

diet 

i-Biotin 

d'BiotIn 

d/-Oiybiotin 

j.Biotln 

d-Biotln 

Liver, 7717 per 

gm 

Liver, total my. 

440 ± 75t 
2020 (8)§ 

356 ± 41 
2240 (10) 

4,250 ± 210 
31,530 

3,370 

28,000 

± 250 
(7) 

2,360 ±60 
27,000 (8) 

Heart, my -per 

gm 

Heart, total my. 

38± 10 

36 (8) 

34 ± 3 

36 (10) 

396 ± 28 
430 

263 

356 

± 12 
(7) 

274 ± 15 
488 (8) 

Muscle, my per 
gm 

11 ± 1 (5)' 

4 ± 1 (5) 

94 ± 4 

61 

± 4 (5) 


Spleen, viy per 

gm 

Spleen, total my. 

9±1 

1.6 (5) 

4.3 ±2 
2.5 (5) 

124 ±5 
63 

60 

28 

± 8 
(5) 


Lung, my per 

gm 

Lung, total my. 


3.2 ± 1 

4.3 (8) 

67 ± 4 
89 

35 

51 

±2 

(8) 

52 

93 (3) 

Starting weight, 
5m.ll 

52 


53 

53 


64 

Final weight, 
gm 

138 

222 

268 


412 


• ao -y of di-oxybiotin on aiieruai,c 

1 15 7 of d-biotin on alternate days for 5 weeks. 

t Mean ± standard error of the mean. analyzed. 

§ The figures in parentheses are the number of t 
II After 1 week on a basal or commercial diet. 

between the ^owtb tesponee 

contrast, the growth response was found to increase 

concentrations of oxybiotin. 
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lil» activity found in chick tiLes fbv mW V "f U»tm- 

similar (Table IV). Since the iner^i ^ ^biological assay) were quite 
the injection of cff-o\ybiotin has h activity resulting from V 

apparent that the 2^0 „f t;bto«ntTK‘‘;-''' ■*“' '‘h' 

same at these injection levels Lveyer thi "'“• ‘k' 

xiowevei, the group injected with biotin 

j . , , Table IV 


with Biotin or Oxybioiin 


Liver 

Heart 

Muscle 

Spleen 

Lung 


oxybiotm on alternate days for 5 weeks. 


Biotin-injected* 

Oxybiotin-m/cctcdf 

“v per gm. 

my per gm. 

3370 

2480 

263 

232 

61 

51 

60 

66 

35 

36 


Table V 


Autoclaved 2 hrs. in 5 n 
HC l 

Autoclaved 2 hrs. in dis 
tilled HvO 

% liberated in distilled 
HsO 


Average 
Range 
Average 
Range 
Averagef 
Range 


Liver 


2930 

2220-3460 

172 

98-223 

5.7 

4.4^S.o{ 


1 

Heart 

Muscle 

Spleen 

293 

15S 

131 

246-393 I 

129-214 

88-205 

35 

35 

! 34 

22-60 

24-41 

17-56 

12.6 

22 

28 

6.0-24 

15-29 

14-14 


5 weeks. The values are ex-nreLr.^r^^*'^^'* ^ '^Lo.xybiotin on alternate days for 

t On assumption of loO ner vu ^*"6811 tissue. 

^ cent liberation by 5 n HCl. 

on the average gainorl at; „ 

ferences in growth performfrep^lb o.xybiotin group. The dif- 

in absorption and storavp are not the result of differences 

biological activities nf f r, ’ i. ^ direct result of intrinsic variations in the 
Since a large rreent^ “ tbe chick, 

bound form, that is reou^^ of animal tissues is present in a 

tion, it was of intemsrt:!':^^^^^^ or enzyunes for its libera- 

present in animal tissues “biological activity" 

bound. Tissues from ob' i injection of o.\'ybiotia was similarfy 

es trom chicks which had received 20 y of dl-oxyhiotm on 
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alternate days for 5 weeks were used in the experiment. Each tissue was 
divided into approximately equal portions and these were autoclaved for 
2 hours in either 5 N HCl or in distilled water. Microbiological assays were 
'"conducted on the filtrates. The findings are summarized in Table V. It 
is apparent that only a small proportion of the “biological activity” was 
liberated by autoclaving in water. Thus, the “biological activity” stored 
following the injection of oxybiotin was bound in a manner comparable to 
that of biotin. 


DISCUSSION 

The storage of o.xybiotin in chick tissues has been repeatedly observed 
during these studies. This is in marked contrast with the report by Moore, 
Luckey, Elvehjem, and Hart (10) that “no appreciable accumulation” 
occurred in either liver or muscle of the chick until 1000 7 of dZ-O-hetero- 
hiotin (oxybiotin) was fed per 100 gm. of diet. Although no food consump 
tion figures were reported, it is obvious that the intake of their animals was 
many times the 1 7 per day which in our experiments induced a large 
tion of oxybiotin in muscle, heart, and liver tissue. ^ After only 1 wee ■ o 
injections, sufficient oxybiotin had been deposited in liver an^ muse e o 
more than double the “biological activity,” compared to deficient control 
tissues. Apparently the injection of small quantities of oxybiotm leads to 
a greater and more prompt deposition in tissues than the feedmg of high 
concentrations in the ration. It should be noted that t e eren la a^.. 
employed by Moore et al. depends on the difference m response o 
coccus faecalis R to biotin and oxybiotin. In our han s t s me o as 
■ proved satisfactory. ,, 

Since biotin-deficient chicks show a defimte gro response , . 

of oxybiotin without any increase in the biotin conten o vam ^ 

sues,Ld since the amount of the growth increase paraUels 

of oWbiotin injected and the amount stored m rf 

probable that o.xybiotin is biologically active as sue . . „ ^ j 

binding in tissues is in agreement with this concept . com- 

that oxybiotin is not converted into biotm m the 

plete balance experiments which are presented in the followmg pap . 

SUMMARY 

1. Liver, heart, spleen, lung, and leg musele from 

oxybiotin injections into the breast muscle were found to ha gh 

tent of oxybiotin. f +L p=p tissues was almost identical with 

2. The actual biotin content of these tissues 

that of tissues from biotin-deficient effic^ o.xybiotin paraUeled the 

3. The growth response of chicks mjectea wuu j 
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quantities of oxybiotin injected and the amounts of oxybiotin found in 
tissues. j 

4. When microbiologically equivalent amounts of oxybiotin and biotin J 
were injected into similar groups of chicks, comparable amounts of both j 
compounds were stored in chick tissues. 

5. Oxybiotin, like biotin, was only partially liberated from tissues by 
autoclaving in distilled water, yet readily liberated by autoclaving in 5 x 
HCl. 


These findings are in agreement with the concept that the biological 
activity of oxybiotin is an intrinsic property of the molecule rather than a 
result of its conversion into biotin. 
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OXYBIOTIN METABOLISM IN THE CHICK* 

11. OXYBIOTIN .^.ND BIOTIN BAL.\NCE STUDIES 

By R. H. McCOY, JULIET N. McKIBBEN, A. E. AXELROD 
AND KLAUS HOFiMANN 

{From the Department of Chemistry, University of Pittsburgh, and the Institute of 
Pathology, Western Pennsylvania Hospital, Pittsburgh) 

(Received for publication, August 5, 1948) 

Balance e.x'periments have demonstrated clearly that oxybiotin is not 
converted into biotin during the growth of Saccharomyces cerevisiae 139, 
Rhizobium Irifolii (1), or Lactobacillus peniosus 124-2 (2). Growth experi- 
ments with chicks, together with studies of the accumulation of oxybiotin 
in their tissues, suggest that no conversion occurs in the chick (3). This 
paper presents complete balance experiments demonstrating that the chick 
does not convert oxybiotin into biotin and, therefore, that the biological 
activity of oxybiotin is an intrinsic property of the molecule. 

EXPEREUENTAL 

In the first series, ten newly hatched white Leghorn cockerels of identi- 
cal weights were placed in pairs in screen bottom cages over glass funnels. 
The e.xcreta were washed do\vn daily from the cages and funnels into 
flaslvs containing 2 cc. of concentrated HCl and toluene and these collec- 
tions were kept in the refrigerator until analyzed. Basal diet and water 
were supplied ad libitum. Daily records of chick weights and food con- 
sumption were kept. The diet consisted of sucrose, 60.2 per cent; Labco 
“vitamin-free” casein, 25 per cent; salts, 5 per cent (4); fortified corn oil, 

5 per cent;i solubilized liver fraction L, 2 per cent;^ glycine, 2 per cent; 
li-cystine, 0.3 per cent; L-arginine, 0.2 per cent; choline chloride, 0.2 per 
cent; and f-inositol, 0.1 per cent. The vitamin supplement was identical 
with that used in previous experiments (3). After 1 week, the chicks were 
separated into two comparable groups. One group of six chicles served as 
the negative control; the other group of four was injected intramuscularly 
on alternate days with eight equal dosages totaling 32 y of di-oxybiotin. 

* This work was aided by grants from the Buhl Foundation, from the Williams- 
Waterman Fund of the Research Corporation, and from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research Coun- 
cil. A preliminary report of these studies has appeared {Federation Proc., 6, 276 
(1947)). 

^ Contained as follows per 100 gm. of fortified corn oil : ot-tocopherol 160 mg., 
2-methyl-l, 4-naphthoquinone 20 mg., vitamin A 80,000 U. S. P. units, and vitamin 
D 16,000 U. S. P. units. 

* Supplied through the courtesy of Dr. David Klein, The Wilson Laboratories. 
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The animals in the second series were treated in like maimer except that 
they were placed in individual cages. This series included three equal 
groups (based on their weight and growth performance) of four chiclis each. 
One group was the negative control; a second group received 10.2 y of 
d-biotin; the third group received 68 y of dZ-oxybiotin. At 3 weeks of age 
the chicks of both series were sacrificed (chloroform) and their carcasses 
frozen. Tor analysis, these frozen carcasses were chopped into small pieces 
and the entire chick hydrolyzed. 

For comparison, biotin determinations were made on twelve newly 
hatched chicks comparable with those used in the experimental groups. 
These were found to have a biotin content of 5.1 ± 0.3 y per chick (mean 
± standard error). 

Digestions of the chicks, the excreta, and the food samples were carried 
out with 5 N HCl in the manner described in the previous paper (3). Dif- 
ferential microbiological assays for biotin and oxybiotin were made by both 
the permanganate (1) and the Raney’s nickel methods (5), with Laclo- 
bacillus arabinosus as the test organism. Added biotin was completely 
destroyed. Good recoveries of oxybiotin were obtained. 


Results 

Table I summarizes the biotin balance studies of the individual chicks 
used in these experiments. The excreta samples contained approximately 
the same amounts of biotin for successive weeks with no increase following 
the injection of oxybiotin. For simplicity, only the figures for the total 
excretion of biotin during the 3 week period are presented. Both the per- 
manganate and Raney’s nickel procedures were used for differential analy- 
sis and both sets of figures are presented. (These analyses were performed 
independently in two different laboratories.) Considering the many steps 
involved, the results obtained with both procedures in general are in close 
agreement. The Raney’s nickel method, however, gave somewhat higher 
results for the biotin content of the excreta, although added biotin was 
quantitatively destroyed. However, even with the Raney’s nickel figures 
for the total biotin content of each chick plus excreta, the chicks injec- 
ted with oxybiotin did not have a significantly higher content of biotm 
than non-injected controls ( 8.6 y total for chicks injected with oxybiotin 
compared to 7.6 y for non-injected controls). With the permanganate 
method louder quantities of biotin were found (7.1 7 ). The biotin conten 
of cMcks injected with oxybiotin was identical with that of the controls an 
not significantly different from that of newly hatched chicks (5.8 7 rrr non 
injected controls, 5.4 7 by permanganate and 6.0 7 by Raney’s nicke m 
chicks injected with oxybiotin, and 5.1 7 in comparable day-old chicks;. 

In the first series the total amount of basal diet consumed contained ro 
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0.37 to 0.55 7 of biotin per chick, while in the second series (supposedly 
identical, but made up of a different batch of ingredients) the food provided 

Table I 


Biotin Content of Individual Chicks and Excreta 


Jl-Oiybiolin-Iajccted animals 

Control animals 

d-Biotin-Injected animals 

1 

Dosage 

Permanganate 

procedure 

Raney's nickel 
procedure 

Chicl: 

Ex- 

creta 

Total 

CUict 

Ex- 

creta 

Total 

Chick 

1 Ex- 
creta 

Total 

! Dos- 
: age 

Chick 

Ex- 

creta 

Total 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

T 

7 

7 

7 

32 

5.3) 


6.9* 

5.0) 


6.8* 

4.7) 


6.3* 

10.2 

9.8 

2.9 

12.7 

32 

5.l| 

3.3 

6.8 

5. Of 

3.6 

6.8 

4.3f 

0.0 

6.0 

10.2 

11.5 

2.7 

14.2 

32 

4.3) 


5.4* 

4.5l 


6.6* 

5.0) 


6.5* 

10.2 

15.8 

3.5 

19.3 

32 

7.1/ 


8.2 

S.l/ 

4.2 

10.2 

5.8f 


7.2 

10.2 

11.5 

3.9 

15.4 

68 

5.1 

2.1 

7.2 

7.3 

4.4 

11.7 

9.5) 

3 3 

11.1* 





68 

3.9 

2.5 

6.4 

5.5 

3.9 

9.4 

5.8/ 


7.5 





68 

7.5 

1.8 

9.3 

7.8 

2.6 

10.4 

5.0 

1.8 

6.8 





68 

5.0 

1.3 

6.3 

4.5 

2.6 

7.1 

8.5 

2.1 

10.6 



! 









5.1 

1.8 

6.9 












4.4 

2.4 

6.8 





Average... 

0.4 

1.7 

7.1 

6.0 

2.7 

8.6 

5.8 

1.8 

7.6 


12.2 

3.3 

15.4 


* Assunung equal amounts of biotin were excreted by each chick m the pair. 


Table II 


Oxybiotin Content of Individual Chicks and Excreta 


d/-Oxybio- 

Permanganate procedure 

Raney’s nickel procedure 

tin 

injected 

Chick 

Excreta 

Total 

Recovery 

Chick 

Excreta 

Total 

Recovery 

T 

32 

32 

32 

32 

68 

68 

68 

68 

1 

15.3) 

18.8) 

13.5) 

15.6/ 

25.8 

32.3 

25.0 

26.0 

T 

22.3 

21.0 

22.0 

20.4 
28.1 
34.2 

7 

26.5* 

30.0 
24.0* 

26.1 
47.8 
52.7 

53.1 

60.2 

per cent 

83 

94 

75 

81 

70 

77 

78 

88 

7 

13.8) 

17.51 

lo.o) 

13.81 

25.3 

33.0 

26.8 

24.9 

7 

20.3 

16.5 

17.7 

17.3 

21.6 
28.6 

7 

24.0* 

27.7 

18.3* 

22.1 

43.0 

50.3 

48.4 

53.5 

per cent 

75 

87 

57 

69 

63 

74 

71 

79 


* Assuming equal amounts of oxybiotin were excreted by each chick in the pair, 


from 1 2 to 2 0 7 The excretion by the non-injected control chicks of 

amounts of biotin greater than that present in the 

that bacterial synthesis of small amounts of biotm may have occurred. 
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Analysis of comparable chicks -which received biotin injections indicated 
that a large amount of the biotin could be recovered in the chick plus e.x- 
creta (see Table I). Thus, if appreciable quantities of biotin were formed 
from oxybiotin in chicks injected -with oxybiotin, it should have been de- 
tectable. The failure to find any increase in the total biotin of the chick 
or excreta folio-wing the injection of large dosages of oxybiotin excludes the 
possibility of oxybiotin being converted into biotin by the chick. 

In Table II are presented the recoveries of oxybiotin injected into chicks. 
"With a dosage of 32 7 of dZ-oxybiotin 31 to 59 per cent was recovered within 
the chick, while 30 to 35 per cent was recovered in the excreta. 75 per 
cent or more of the injected oxybiotin was accounted for in the chick plus 
excreta. With the higher dosage of 68 7 of oxybiotin, 37 to 48 per cent was 
recovered within the chick and 25 to 50 per cent in the excreta. Certainly 
the recovery of oxybiotin was very good under the conditions of these ex- 
periments. The high recovery of oxybiotin precludes the possibility of its 
being converted into biotin. 


DISCUSSION 

The biotin balance experiments described in this paper demonstrate 
clearly that the chick does not convert oxybiotin into biotin. This con- 
clusion is further supported by the fact that about 75 per cent of the in- 
jected oxybiotin could be accounted for unchanged in the chick plus e.x- 
creta. Recovery of injected biotin was of the same order. 

It must be concluded that the increased growth consistently observed 
following the administration of oxybiotin to biotin-deficient chicks is the 
result of the direct utilization of this compound. The experiments reported 
here complete the evidence for the first demonstration that the sulfur atom 
of biotin is not essential for the biological activity of this compound in a 
higher animal. Since several widely different species can utilize oxybiotin 
as such, it seems reasonable to predict that oxybiotin can replace biotin m 
all biological forms. 


SUMMARY 

1. The biotin content of chicks injected with oxybiotin was identical ivitb 
that of control chicks and not significantly different from that of new y 
hatched chicks. 

2. The biotin excretion by chicks injected with oxybiotin was identica 
vvith that of control animals. 

3. When total dosages of 32 or 68 7 of dl-oxybiotin were injected m 0 
chicks over a 2 week period, approximately 75 per cent of the oxybiotin waa 
accounted for almost equally distributed between the chick and axcre 
A similar recovery of injected biotin was observed. 
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4. Since the chick does not convert oxybiotin into biotin, the biological 
activity of this compound must be an inherent property of the molecule^ 
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SYNTHESIS OF CARBONYL-LABELED PYRUVIC ACID* 

y By H. S. ANKER 

{From the Dcparlmenl of Biochtmislry, University of Chicago, Chicago) 

(Received for publication, July 12, 1948) 

Carbonyl-labeled pyruvic acid was synthesized from radioactive carbon 
dioxide for use in feeding experiments, the results of which are reported in. 
the following communication (1). 

The synthesis involves the following steps. 

COj-> CHiCOOK-> Cn,COBr-* GHiCOCN-> CH3C0C0NH2-»CH3C0C00H 

1-C^* Potassium Acetate— The method described here does not differ in 
principle from those published earlier (2) . The apparatus used is illustrated 
in Fig. 1. 25 mM of radioactive barium carbonate are introduced into 
the generator, 50 ml. of hydrochloric acid-water, 1:10, into the dropping 
funnel, and a saturated barium hydroxide solution into the last trap. After 
a moderate stream of nitrogen has been started, 100 ml. of an ethereal 0.5 n 
methyl magnesium bromide solution^ are pipetted into the reaction vessel, 
which is cooled in an ice bath. After all the air has been displaced, 100 ml. 
of 0.1 N sodium hydroxide solution are added to the gas absorption bottle.* 
The nitrogen stream is reduced and the hydrochloric acid added rapidly 
' to the barium carbonate. The reaction vessel is continuously shaken. 
When the barium carbonate is decomposed, the nitrogen stream is increased 
again. The reaction product precipitates as the carbon dioxide enters the 
reaction vessel. After shaking for 20 to 30 minutes, 50 ml. of ice water are 
introduced into the reaction vessel. WTien the precipitate has dissolved, 
30 ml. of 2 N sulfuric acid are added and the ice bath removed. All 
tions are made after pressure equalization and without interruption of the 
nitrogen stream, which is continued until the ether layer has evaporate 
completely. 60 mu of silver sulfate and 50 ml. of concentrated suLfune 
acid are added and the mixture is distilled with steam in an all-g ass is- 
tUling apparatus. The distiUate is neutralized with 0.1 n potassii^ hy- 
droxide and concentrated to dryness. The residue is dissolved m 100 ml. 
hot methanol and filtered after addition of a smaU quantity of charcoal. 
The filtrate is again evaporated and dried. The yield is 65 to 85 per cent, 
based on the barium carbonate used. Nearly all unchanged carbon dioxide 

* This work was supported in part by a grant from the United States Public Health 
Service. 

^ Arapahoe Chemicals, Boulder, Colorado. • -* + cirhonate 

= Barium hydroxide solution is unsuitable here, as precipitated banum carbonate 

may clog the fritted disk. 


1333 



1334 


CAEBONYL-LABELED PYBUTIC ACID 


can be recovered from the alkali trap. (Only a veiy small quantity of 
barium carbonate should have precipitated in the barium hydroxide trap.) 

1-C^* Acetyl Bromide (S) — ^20 mai of potassimn acetate are pulverized, 
mixed with 16 mai of benzoic acid, and added to a distilling flask. Two 
portions of 2 mai each of benzoic acid are used to “wash” out the flask which 
contained the potassium acetate. 10 ml. of benzoyl bromide are added to 
the mixture, a glass wool plug is inserted below’^ the side-arm, and the flask 
heated carefully so that the acetyl bromide distils slowly into the tared 
receiving flask. The boiling range is 72-76°. Yield, 75 to 90 per cent. 

Acetyl Cyanide (4 ) — 8 mar of acetyl bromide are added to 9 mii of 
dry cuprous cyanide contained in an ice-cooled ampul. Sufficient diy 
cyclohexane to wet all the cuprous cyanide is added and the ampul is sealed 



Fig. 1. Apparatus for the synthesis of labeled acetic acid. (The wash bottles at® 
Corning catalogue, Nos. 31770 and 31750.) 


off. After standing for 3 days at room temperature the contents are ex 
tracted with five portions of 2.5 ml. each of dry ether.’ The ether solution 


is used directly. Yield, 75 to 80 per cent. . , 

Pyruvamide (5) — The ether solution is introduced into a jackete^ 
funnel with a fritted filter disk through which dry hydrogen chloride gas 
passes from the bottom. Ice water is circulated through the jacket ^ ^ 
calcium chloride tube is attached at the top. After the solution is satura 
with hydrogen chloride, 6.5 mil of water are added to the ether solution an 
the hydrogen chloride stream continued for 30 minutes, 
crystallizes out. The hydrogen chloride stream is discontinued , 
material filtered by gravity. The precipitate is w'ashed twice wth 
each of ether-cyclohe.xane, 5 : 1, saturated wuth hydrogen chloride gas. 
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top of the funnel is immediately connected to a nitrogen stream in order 
to drive off the hydrogen chloride completely (about 3 hours). The pyru- 
vamide obtained is recrystallized from a minimum amount of dry ethyl 
J acetate. Yield, -10 to 70 per cent; m.p. 127°. 

Pyruvic Acid — A solution of pyruvic acid is obtained by dissolving 
1 mil of pyruvamide in 1 to 3 ml. of water, adding 1 ml. of 1 N hydrochloric 
acid, and heating on a steam bath for 90 minutes. The pyruvic acid con- 
tent is determined colorimetrically (6). In view of the known instabihty 
of pyruvic acid, the solution should be used as soon as possible. Yield, 
90 to 100 per cent. 


SUMiLiRY 

Pyruvic acid labeled with isotopic carbon in the carbonyl group was syn- 
thesized from isotopic carbon dioxide as starting material in about 40 per 
cent over-all yield. Potassium acetate, acetyl bromide, acetyl cyanide, 
and pyruvamide were obtained as intermediates in the synthesis. 

The product was stored in the form of pynivamide rather than pyruvic 
acid in view of the stability of this compound. 
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SO.ME .ASPECTS OF TPIE ^IET.^OLISM OF PYRUVIC ACID 
IN’ THE INTACT ANIAIAL* 

>■ ^ 

By U. S. ANIyER 

(from the Department of Biochemhiry, University of Chicago, Chieago) 
(Received for publication, July 12, 1948) 

Until the advent of the isotope technique, the formation of fat in adult 
^mals was held to occur only on a diet containing an excess of calories, 
hrom the work of Schoenheimer and Rittenberg (1) it became clear that 
Doay lat is not ^ mert energy store but pai'ticipates actively in inter- 
mediary metabolism. Their evidence also indicated that small molecules 
were utilized to build up the fatty acid chains as well as the cholesterol 
' f observation that carbohydrate can serve as a precursor 

tor body fat is veiy old, and many investigations have been carried out to 
analyze ^e details of this process. It is clear that on a balance basis fat 
must ultimately be derived from the carbohydrate or protein of the diet 
if no fat is supplied in the food. Stetten and Boxer (2) concluded from 
experiments with heavy water that a large portion of dietary carbohydrate 
IS metabolized by way of fat. These authors (3) proposed too that inter- 
ference -ndth fatty acid synthesis is one of the main metabolic defects in 
aUoxan diabetes. Investigations by Bloch and Rittenberg (4, 5) revealed 
the importance of acetic acid as a precursor in the synthesis of fatty acids 
and cholesterol and established the quantitative significance of acetic 
acid as a major intermediate of metabolism. 

Smedley and Lubrzynska (6) first suggested pjoaivic acid as an important 
intermediate in carbohydrate metabolism, and many investigations since 
have borne out the central role of pyruvic acid in glycolysis. It seems 
likely that pyruvic acid is also a key inteimediate in the conversion of 
carbohydrate to other body constituents. The work presented here was 
undertaken to ascertain directly the utilization of pyruvic acid for the 
various metabolic processes, particularly the synthesis of acetic acid, 
fatty acids, and cholesterol. For this purpose pyruvic acid labeled in the 
the carbonyl carbon with Qi'* was synthesized and fed to rats. Feeding 
e.xperiments were also carried out with carbo.xyl-labeled pjTuvic acid and 
labeled acetic acid. 


EXPERIMENTAL 

Syntheses of 1-C^* Acetic Add and 2-C^^ Pyruvic Acid — These preparations 
are described in the preceding communication (7). 

* This work was supported by a grant from the United States Public Health Ser- 
vice. 
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Sjjnthesis of 1-C^^ Pyruvic Acid — ^The synthesis was carried out in the 
same manner as described for 2-C“ pyruvic acid, except that normal 
acetyl bromide and labeled cuprous cyanide were used as starting ma- 
terials. Labeled cuprous cyanide was prepared by shaking equimolar 
amounts of solid cuprous chloride and sodium cyanide in an aqueous 
solution. 

Feeding Experiments — Growing rats weighing about 120 gm. were fed 
ad libitum for 3 days on a diet consisting of 73 per cent corn-starch, 16 
per cent casein, 5 per cent dried yeast, 4 per cent salt mixture (8) and 2 
per cent cod liver oil. The pyruvic acid hydrolysate or sodium acetate 
dissolved in water was mixed with the diet. 100 mg. of p-aminobenzoic 
acid per 100 gm. of body weight or 50 mg. of y-phenylaminobutyric acid 
per 100 gm. of body weight were added to the diet when desired. Two 
strains of rats, a mixed laboratory strain whose original stock consisted 
of Wistar rats, and the Sprague-Dawley strain, were used in these e.xperi- 
ments. In all cases the experimental conditions were kept as closely alike 
as possible. 


Isolation of Body Constituents 

Acetyl Derivatives — Acetyl-p-aminobenzoic acid and acetyl-y-phenyl" 
aminobutyric acid were isolated from the urine and purified as described 
by Bloch and Rittenberg (9). 

Hippuric Acid and Glycine — Hippuric acid was obtained from the urins 
and glycine isolated after hydrolysis of the hippuric acid, according to the 
method of Shemin (10). 

Liver Glycogen — ^The animals were Idlled by exsanguination in ether 
narcosis. The livers were immediately dispersed in ethanol in a Wari^ 
blendor and digested after the addition of 1 volume of 20 per cent KO 
by heating for 2 hours. The insoluble glycogen was centrifuged an 
purified according to the procedure of Stetten and Boxer (2). 

Cholesterol and Fatty Acids — Cholesterol was precipitated as the A 
tonide from the unsaponifiable fraction. The digitonides obtained war® 
decomposed with pyridine (11) and the free cholesterol recovered. ® 
satmated fatty acids were separated via the lead soaps according to 
procedure of Schoenheimer and Rittenberg (12). 

Urea — ^After e.xtraction of the excreted acetyl derivatives, the urine ^ 
adjusted to pH 5 and treated with urease. The carbon dio.xide libera e 
was precipitated as barium carbonate. . 

Decarboxylation — Fatty acid was heated together with powdere 
300° in a nitrogen stream. Carbon dio.xide was precipitated as ^ 
carbonate, and the ketones obtained from the residue recrystallize 
ethanol (13). 
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Isotope Analyses — ^Tlie isolated compounds were burned in a micro com- 
bustion apparatus to carbon dioxide. The combustions were carried out 
at about 900° with a Vicor combustion tube and a platinum gauze filling. 
The carbon dioxide was precipitated as barium carbonate. 

For analysis of the barium carbonate was suspended in methanol, 
the suspension transferred to cups, and a layer of barium carbonate 8 to 
15 mg. per sq. cm. thick was' deposited. The samples were counted with a 
thin window Geiger-Muller counter for a sufiBcient length of time to give 


less than 5 per cent probable error. The number of counts was corrected 
for activity of infinitely thick samples with the curve published by Reid 
(14). The size of the cups (area, 3.47 sq. cm.) and the counting proce- 
dure were identical for all analyses. 

For analysis of the barium carbonate was converted to carbon dioxide 
in a vacuum system (15) and the gas analyzed in a mass spectrometer.*- 
The analyses have an error of about ± 0.01 per cent excess C**. 

Throughout this communication the term “relative isotope concentra- 
tion” (RIC) is used for reporting the analytical data. It is calculated in 
the following manner. 


radioactivity of isolated compound _ atom % excess C” in isol ated compound 
radioactivity of fed compound atom % excess C” in fed compound 


The “relative isotope concentration” is independent of the Ifind of iso- 
tope used for individual e.xperiments; i.e., the same figure is obtained 
if an experiment is carried out with either or C**. Furthermore, by 
reporting the data as “relative isotope concentration, the analytica 
values of the isolated material become independent of the isotope concen- 
tration of the administered substance. _ 

In the experiments reported here the weight of the anima "’ as v e as 
the amounts of the labeled test substance varied. For comparison of the 
analytical data from different experiments the term concentration coe 
ficient”- (CC) is introduced. 


* The construction of the mass spectrometer was possible b> , 

Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago and 
from the Charles H. and Mary F. S. Worcester Memorial Fund. nfi) 

^ The concentration coefihcient is calculated from the iso ope i - ^ ^ ^ 

((C /r'\ — where Co. C, are the isotope concentration ol lea 

matiial, C i^the iiot^e concentration of isolated f 

quantity of fed material (in nni per 100 gm. per day) , ^ ^ ft Tf the relative 

calculated if g would have been fed, and g is the standard '• 

^ . , __J :r *1,= nuantity IS 1 mil per luu gm. 

After substitution of 


substitution or 

per d,y .to C. - C. . ^ ® eonto.re.i«P ».ffieie«. U ob- 

these values and solving for CC, the denominator is negligible and 

tamed. In most cases the expression (1 The “concentration coefficients’ 

the actual calculation can be simplified according j . 
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Q + (1 - Q)RIC 

wiiere Q is the quantity of the compound fed in mM per 100 gm. of rat 
tissue per day. 

The “concentration coefficient” affords the “relative isotope concen- 
tration” which would have been found if exactly 1 mM per 100 gm. per day 
had been fed. 

In cases in which the administered compounds contain several carbon 
atoms of which only one is labeled, the concentration coefficient may not 
be a true measure of the utilization of the test substance. The possibility 
exists that not all carbon atoms of the fed material are incorporated to 
an equal extent into the isolated compounds. In such a case the “specific 
concentration coefficient”- (SCO) relating only to the carbon atoms util- 
ized will be of greater significance. 

SCO = CO xf 

where / is the fraction of carbon atoms of fed compound utilized. 

In Tables I, II, and V the “specific concentration coefficient” is given 
only in those instances in which the mechanism could he established 
experimentally, such as the utilization of carbon atoms 2 and 3 of pyruvic 
acid only for the acetyl groups and the fatty acids. 


Results 


The analytical data are given in Tables I to VI. The isotope concen- 
trations found indicate that pyruvic acid is incorporated to a varying 
degree into the acetyl groups of the excreted foreign amines, liver glycogen, 
cholesterol, and fatty acids. 

In order to evaluate the extent to which a labeled precursor is utilize 
for the synthesis of a body constituent, it is necessary to know the isotope 
concentration of the precursor at the site of synthesis. This value depen s 
on the dilution of the administered precursor by its endogenous analogue, 
i.e. the size of the metabolic pool. In the case of pyruvic acid it was no 
possible to determine the size of the pool directly. However, an indirec 
estimate was obtained in view of the fact that pyruvic acid provides ace y 
groups for the acetylation of some foreign amines. . . 

Acetyl Groups — It is possible to determine the isotope concentration o 
the endogenous acetyl pool of the liver by taking advantage of the ace y 


defined here are similar to the “coefficients of utilization” of Bloch and Ri 
(17) . The “coefficients of utilization” were used to describe the efficiency 
test substances in forming the same metabolite, while the “concentration coe 
areusedtoindicate the efficiency of a precursor for the formation of sever 
metabolites. 
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tion reaction. The utilization of a labeled compound as a source of acetyl 
can therefore be determined by an isotope analysis of the acetyl derivative 
excreted in the urine. Bloch and Rittenberg ( 9 ) had shown that acetic 
^ /acid itself acetylates p-aminobenzoic acid as well as 7-phenylaminobutyric 
acid, i.e. both aromatic and aliphatic foreign amines. They][found on the 
other hand that alanine, presumably by way of pyruvic acid, is capable of 
providing the acetyl group for the acetylation of 7-phenylaminobutyric 
acid only, but not for p-aminobenzoic acid. 


Table I 

Isotope Concentrations of Urinary Excretion Products after Feeding Labeled Pyruvic 

and Acetic Acids 



Compound fed 

Eiperi- 




meat 


Per 100 

Isotope 



glll« 

conccQtra- 



P«f 

day 

tion* 



mi/ 


It 

2-C“ pyruvic acid 

0.46 

8,400 

2t 

1-C“ acetic “ 

0.45 

12,600 

3§ 

2-C‘* pyruvic “ 

0.50 

12,300 

3§ 

1-C'’ acetic “ 

0.47 

11.9 

4§ 

2-0“ pyruvic “ 

0.50 

12,300 

4§ 

1-0“ acetic “ 

1.04 

11.9 

5§ 

1-0“ pyruvic “ 

1.07 

17.0 


Acetyl groups of acetyl- 


^-Aminobenzoic acid 

7-Phenylaminobutyric 

acid 

Jtict 

cct 

sect 

KIC 

CC 

see 

per cent 

: per cent 

per cent 

per cent 

per cent 

per cent 

0.14 

0.32 

0.21 

2.0 

4.3 

2.9 

3.5 

7.6 

7.6 

2.7 

5.9 

5.9 

1.0 

2.0 

1.3 

1.1 

2.6 

1.3 



2.1 

4.3 

4.3 

1.2 

2.4 

1.6 

0.77 

1.5 

1.0 

4.6 

4.4 

4.4 

4.9 

4.7 

4.7 

0.19 

0.18 

0.18 





* Counts per minute of BaC‘‘0„ or atom per cent excess t. . 

fRIC = relative isotope concentration, CC = concentration coefficient, and 
SCO = specific concentration coefficient, 
t Rats of the laboratory strain. 

§ Rats of Sprague-Dawley strain. 

Similar results were obtained after 
rats of the laboratory strain. The analytical values ( a e m 
particular that there is no significant conversion 0 pyruvic . . 

acid, as in this strain the isotope concentration ^ . • 1 : 

very low. From the experiment with carboxyl-labee ^ 

clear that only a negligible fraction of the carb^ car on 
acid is incorporated into the acetyl groups. Only c^'^^on atonis 2 and 3 of 
pyruvic acid are therefore utilized in the acety a ion reac 1 . . , .g , 

the “specific concentration coefficients” for these data is thus justified, 

the factor / being equal to 0.67. T^.phenylaminobu- 

In the Sprague-Dawley ^ S ^ concentra- 

tyric acid and p-aminobenzoic acid nave n y h m the 

tions, indicating a considerable difference of pyruvic acid metabolism 
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two strains. This result would seem to indicate that a portion of the fed 
pyruvic acid is decarboxylated to acetic acid, which in turn provides the 
acetyl groups for both foreign amines. The possibility cannot be excluded 
that Sprague-Dawley rats are capable of using pyruvic acid directly, i.e. 
without conversion to acetic acid, for the acetylation of p-aminobenzoic 
acid. However, this explanation seems less plausible. If large quantities 
of labeled acetic acid are formed from the ingested pyruvic acid, it becomes 
impossible to evaluate the direct incorporation of carbon atoms of pyruvic 
acid into other compounds, such as fatty acids and cholesterol, for which 
acetic acid too is a precursor (3). 

Pyruvic Add Pool — A calculation of the hepatic pyruvic acid pool and 
its isotope concentration can be attempted from the data obtained in the 
laboratory strain, since after feeding pyruvic acid, the isotope content 
of the acetyl group of acetyl-p-aminobenzoic acid is very small, and there- 
fore no appreciable conversion of pyruvic acid to acetic acid could have 
taken place. Therefore the appearance of the label in the acetyl group of 
acetyl- 7 -phenylaminobutyric acid will be the result of direct acetylation by 
pyruvic acid; i.e., condensation of pyruvic acid with the amine and sub- 
sequent decarbo-xylation of the condensation product (18). The isotope 
concentration of this acetyl group depends on the isotope concentration of 
the pyruvic acid in the metabolic pool and on the relative proportion of 
acetyl groups of T-phenylaminobutyric acid derived from pyruvic and 
acetic acids respectively. 

It can be seen (Table I) that after feeding labeled acetic acid the rel- 
ative isotope concentrations of the acetyl groups of acetyl-p-aminobenzoio 
acid and acetyl-y-phenylaminobutyric acid in the laboratory strain are not 
identical. The acetyl group of acetyl-p-aminobenzoic acid is derived from 
acetic acid only and thus provides a measure of the isotope concentration 
of the acetic acid pool, while the isotopic concentration of the acetyl group 
of acetyl- 7 -phenylaminobutyric acid is lower. If it is assumed that this 
difference is due to direct acetylation by pyruvic acid, then the relative 
contribution of acetic and pyruvic acids for the acetylation of phenylammo 
butyric acid can be calculated. 



where R is the ratio of acetylation of 7 -phenyIaminobutyric acid by ace ic 
to that by pyruvic acid, la is the isotope concentration of the acetyl ^ 
of acetyl-p-aminobenzoic acid, and K is the isotope concentration 0 v 
acetyl group of acetylphenylaminobutyric acid. . 

From the data of Experiment 2 (Table I) R is found equal to 
acetic acid acetylates 7 -phenyIaminobutyric 3.5 times as fast as 
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pyruvic acid. From this ratio and from the isotope concentration of the 
acetyl group of acetyI-7-phenylaminobutyric acid after feeding labeled 
pyruvic acid, the isotope concentration of the pjTUvic acid actually em- 
^ ployed for acetylation and therefore the isotope concentration in the me- 
tabolic pool can be calculated. 

= iUr + 1 ) 

where Ip is the isotope concentration of the pyruvic acid pool, and Ip is the 
isotope concentration of the acetyl group of phenylaminobutyxic acid. 
The “relative isotope concentration” of the pyruvic acid in the pool is 
calculated to be 13 per cent. 

The size of the pyruvic acid pool is then given by 


T) _ p 

1 p = — t j> 

where Pp is the pyruvic acid pool in millimoles per 100 gm. of rat tissue per 
day, ip is the isotope concentration of administered pyruvic acid, and 
Fp is the quantity of administered pyi'uvic acid in millimoles per day. 

If this calculation is carried out, it is found that the pyruvic acid poo is 
about 6 to 7 mM per 100 gm. per day. Since this calculation depends on 
several isotope detenninations in different animals, it can be consi ere 

indicative of an order of magnitude only. 

In comparison the acetic acid pool is found to be about 1 to imi per 
100 gm. per day in the laboratory strain and about 20 to 25 nui per gm. 
per day in the Sprague-Dawley strain. These values ^ a^ree 
ment with the results obtained by Bloch and Rittenberg ( ). 

The size of the pyruvic acid pool is far smaUer than the quantity of car- 
bohydrate in the diet. It is comparable to the amount of pyruvic acid 
which could arise from a quantity of antiketogenic amino aci equiva e 
to that contained in the dietary protein. It would 

in the liver only a small part of the administered carbohydrate is m eq - 
librium with pyruvic acid in the laboratory strain. 

For the SpraSie-Dawley strain a similar calculation 0 
pool cannot be made, since pyruvic acid provi es a e e 

also for p-aminobenzoic acid. Therefore it is no pos . content 

the relative contributions of pyruvic and acetic acids to the isotope conten 

of the acetyl groups of 7-phenylaminobutyric a.ci . l„hpTpd nv- 

1.W atyJiepI-Ch, incorporation of isotopic carbon “ py^ 

‘ ruvic acid into liver glycogen is quite vanab e in i eton 
within the same range in both rat strains. „Viniit 1 dav. On 

glycogen was determined by Stetten Boxer jiave 

the basis of this value about 85 per cent of 
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been replaced by newly formed glycogen in the 3 day feeding period. 
From the data in Table II it can be estimated that in the laboratory strain 
the isotope concentration of the liver glycogen is only about one-thirtieth 
the isotope concentration of the pyruvic acid pool. A major part of the ■ 
liver glycogen must therefore have been derived from unlabeled sources, 
presumably from dietary carbohydrate directly. This observation is in 
agreement with the results obtained by Vennesland et al. (19), who observed 
that the extra glycogen deposited after administration of labeled lactic 
acid to fasted rats contained only a small fraction of the label. 

The isotope from carbonyl- as well as from carbojg^I-Iabeled pyruvic 
acid is incorporated into liver glycogen to an equal extent, indicating the 
utilization of all carbon atoms of p 3 oruvic acid for glycogen formation. 

Table II 

Isotope Concenimlions of Liver Glycogen and Urea after Feeding Labeled Pyruvio 

and Acetic Acids 


The results are expressed in per cent. 


Expert 
ment No, 

Compound fed 

Liver glycogen 

Ctea 

JUC 

CC 

SIC 

CC 

see 

1* 

2-C" pyruvic acid 

0.17 

0.38 





1-C‘^ acetic “ 

0.03 

0.06 




3t 

2-C‘^ pyruvic “ 

0.26 

0.51 

0.43 

0.84 

0.2S 

’®t 

2-C‘* “ 

0.16 

0.32 

0.41 

0.83 

0.2S 

4t 

1-C“ acetic “ 

0.13 

0.12 

0.50 

0.49 

0.25 

of 

1-C” pyruvic “ 

0.48 

0.41 

0.S5 

0.80 

0.27 


* Rats of the laboratory' strain, 
t Rats of Sprague-Dawley strain. 


Acetic acid carbon is incorporated to a small extent only into the liver 
glycogen. 

Urea ^From e.xperiments by Mackenzie and du Vigneaud (20) it is known 
t at the Urea carbon and the respiratory carbon dioxide have the same 
isotope concentrations. The “specific concentration coefficients” were 
calculated after the administration of 2-C» pyruvic acid, l-C'* pymW 
acid,^ and l-C'-' acetic acid to rats of the Sprague-Dawley strain, rvifh 
/ = 3 for the pyruvic acids and / = ^ for acetic acid. These data are given 
in Table II and suggest an analogous rate of metabolism for pyruvic and 
acetic acids in these animals. 

Glycine Hippuric acid was isolated from the urine of rats which ba^i \ 
been fed benzoic acid together with carbonyl- or carbo.xyl-labeled pyW'i® 
acid or carbo.xyI-labeled acetic acid. The “relative isotope concentrations ' 
given in Table III indicate that acetic acid is not a precursor for glycine- 
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The isotope concentration of labeled glycine was of the same order of 
magnitude after feeding either carbonyl- or carboxyl-labeled pyruvic 
acids. Degradation by ninhydrin (21) of the glycine obtained after feed- 
ing carbonyl-labeled pyruvic acid indicates that over 80 per cent of the 
isotope was present in carbon atom 2. It is therefore concluded that car- 
bon atoms 1 and 2 of pyruvic acid are the precursors of carbon atoms 1 and 
2 of glycine respectively. In view of the fact that Shemin (10) has demon- 
strated the conversion of serine to gtycine, it seems most reasonable to 
assume that the utilization of carbon atoms 1 and 2 of pyruvic acid for 
glycine synthesis proceeds via serine as an intermediate. Chargaft and 
Sprinson (22) have proposed a mechanism for the conversion of serine 
to pyruvic acid. If this reaction series were reversible, it could account 
for the results obtained in this expeiiment. A similar observation was 
made by Buchanan el al. (23) who observed the conversion of lactic acid to 


T.A.BLE III 


Incorporation of Isotopic Carbon into Glycine from Labeled Acetic and Pyruvic Acids 


Experiment 

Xo. 

Compound fed 

Glycine from hippuric add 


Per 100 gm. 
pet day 

Isotope^ 

coDcentratioD* 

RIC 

CC 

5t 

5t 

6t 

1-C“ acetic acid 

1- C“ pyruvic “ 

2- C" “ “ 

mu 

0.22 

1.1 

0.5 

87,000 

17.0 

12,300 

per cent 

O.OOS 

0.34 

0.35 

ptr ctnl 

0.04 

0.25 

0.70 


* Counts per minute of BaC’Oj or atom per cent excess C 


t Rats of Sprague-Dawley strain. 


glycine in the pigeon. Comparing the isotope concen r 
different carbon atoms of uric acid after labele nrinclusion 

labeled lactic acid administration, the authors reac e e . 

that carbon atoms 1 and 2 of lactic acid are utilized for glycme formation 

'“ctlS-Experiments by Bloch and Ri^^^enberg (4) have^dem^on- 
strated the importance of acetic acid as a precursor o c = choles- 
contribution of acetic acid carbon atoms for t e ^ turnover rate 

terol in the present experiments can be that about 

and the concentration of the acetic acid pool. ^ 

30 per cent of the liver choleeterol 

feeding period, based on a half life time of o Y > , i ^ ^.q 

derivedU Ihe oarbcvyl 

27 to 33 per cent of all carbon atoms o k+oItipH bv Bloch and 

This value is in good agreement with the results obtamed b, Bloch 
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Rittenberg (4) who found acetic acid to provide over 50 per cent of the 
carbon atoms of cholesterol. Experiments by these authors (5) indicate a 
larger utilization of the methyl than of the carboxyl carbon atom of acetic 
acid. 

By a similar calculation it can be estimated that in the laboratory strain 
of rats about 7 to 8 per cent of the cholesterol carbon is derived from the 
carbonyl carbon atom of pyruvic acid. In this instance direct utilization 
of pyruvic acid is probable because, as has been shown, no conversion of 
pyruvic to acetic acid occurs in the laboratory strain. The extent of 
incorporation of pyruvic acid carbon atoms cannot be calculated in the 
Sprague-Dawley strain, as decarbo.xylation of pyruvic to acetic acid does 
occur for reasons mentioned above. 


Table IV 

Isolope Concentrations of Liver and Carcass Cholesterol after Feeding Labeled Pyruvic 

and Acetic Acids 


The results are expressed in per cent. 


Experiment 

No. 

Compound fed 

Liver cholesterol 

Carcass cholesterol 

me 

cc 

me 

CC 

1* 

2-C“ pyruvic acid 

0.39 

0.85 

0.10 

0.23 

2* 

1-C“ acetic “ 

0.66 

1.5 

0.10 

0.23 

3t 

2-C“ pyruvic “ 

0.16 

0.31 

-0.14 

0.28 

4t 

2-0'* “ “ 

0.09 

0.18 

O.OS 

0.15 

4t 

1-C” acetic “ 

0.77 

0.73 

0.12 

0.11 

5t 

1-C” pyruvic “ 

0.14 

0.13 





* Rats of the laboratory strain, 
t Rats of Sprague-Dawley strain. 


From e-xperiments in the Sprague-Dawley strain with carbo.xyW^^J^f^®^ 
pyruvic acid, it appears probable that pyruvic acid as a whole is utilize 
to some extent for cholesterol synthesis. After feeding carbo.xyl-lahe e 
pyruvic acid the “relative isotope concentration” of liver cholesterol was 
found to be about half of that which is obtained after administration o 
carbonyl-labeled pyruvic acid. The low analytical value does not permit a 
quantitative evaluation of this finding but suggests at least a partw 
utilization of the carboxyl carbon atom of pyruvic acid. 

In view of the uncertainty of the contributions of the methyl car on 
atom of acetic acid and of the methyl and carboxyl carbon ato^ o ^ py^ 
ruvic acid in these experiments, the “concentration coefficients” only 
reported in Table IV. It is therefore not possible to set up a 
carbon balance from the data. Other precursors can be involved to a s 
extent only in the synthesis of cholesterol. 
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The “relative isotope concentrations” of the carcass cholesterols are 
found to be only slightly lower than those of the liver cholesterols. Since in 
adult animals the isotope concentration of liver cholesterol is found to be 
^several times the isotope content of carcass cholesterol, the liver has been 
suggested as the site of cholesterol synthesis (9). The similarity of the 
values found in the experiments reported here is most probably due to 
the use of growing animals. In an imreported experiment carried out with 
an adult rat under comparable conditions, the isotope concentration of the 
carcass cholesterol is only one-third of the liver cholesterol. 

Fatly Acids — ^Rittenberg and Bloch (5) have found that after feeding 
carboxyl-labeled acetic acid only the odd carbon atoms of the isolated 


Table V 

Isotope Concentrations of Liver and Carcass Fatly Acids after Feeding Labeled 
Pyruvic and Acetic Acids 


The results are expressed in per cent. 





Liver fatty acids 


Eiperi- 










ment 

Compound fed 

Saturated 

Unsalurated 





RIC 

CC 

sec 

RlC 

CC 

see 

RIC 

1* 

2-C“ pyruvic 

acid 

1.1 

2.3 

1.5 

0.45 

0.99 

0.66 

0.11 

2- 

1-C“ acetic 

<< 

0.71 

1.6 

1.6 

0.22 

0.49 

0.49 

0.06 

3t 

2-C“ pyruvic 

ti 

0.42 

0.83 

0.56 

0.15 

0.30 

0.20 

0.16 

4t 



0.41 

0.81 

0.54 

0.20 

0.39 

0.26 

0.15 

4t 

1-C“ acetic 

U 

1.7 

1.6 

1.6 

0.42 

0.40 

0.40 

0.29 

5t 

1-C‘^ pyruvic 

il 

0.0 




___ 




Carcass fatty acids 


Total 


cc see 


0.25] 

0.13 

0.32 

0.30 

0.29 


0.17; 

|0.13j 

i0.21 

0 . 20 ! 

0.291 


Saturated 


Ric\ce\ sec 


0.16 

0.05 

0.21 


0.34 

0.11 

0.42 


0.200.40; 
0.52 0.50; 


0.22 

0.11 

0.28 

0.27 

0.50 


* Rats of the laboratory strain, 
t Rats of Sprague-Dawley strain. 


fatty acids contained the label. They concluded t a eir ® 

mandatory to assume that fatty acids are synthesize acetic 

acetic acid is a precursor for C 2 units, and that t e “ concent 

acid are utilized at random for the entire fatty aci . , 

necessarily requires formation of C 2 units from a ° Bloch 

cursors and random utilization of these C 2 units, f ttenberg and ^ 

considered that the 0= units fro. a«tic 

to the C 2 units from other precursors of 

acylpyruvic acids as intermediates with subsequen 

, the condensation products. agreement with the hypothesis 

The experiments presented here are in fu o rr.„v.lp V After feedin" 

, of RittenLg and Bloch. The data are given in TaWe V ^^er f dm 
' carboxyl-labeled pyruvic acid the isotope concentration of the liver fatty 
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acids was found to be negligible. From this result it can be concluded that 
only carbon atoms 2 and 3 of pyruvic acid are used in fatty acid synthesis. 
Decarboxylations of saturated fatty acids isolated after feeding car- 
bonyl-labeled pyruvic acid yielded carbon dioxide, the isotope concentration 
of which was about twice that of the fatty acids. This indicates that the 
carbonjd carbon atom of pyruvic acid is incorporated in a random manner 
into the odd numbered positions of the fatty acid chain (Table ^T). Ac- 
cordingly, in Table V the “specific concentration coefficients” are calculated 
with / = 0.67. 


Table VI 

Distribution of Isotopic Carbon in Fatly Acid Chains after Adminislralion 
of Labeled Pyruvic Acid 


1 

Isotope concentration 



No. 


Found 

Calculated 

ih) 

7* 

Saturated fatty acids, carcass 

counts per min. 

121(a) 

counis PsT pun. 


Carbon dioxide, decarboxylation 

225 

241 1 


Ketone, decarboxylation 

119 

list 

1 

Saturated fatty acids, liver 

87(a) 

174t 


Carbon dioxide, decarboxylation 

156 


Ketone, decarboxylation 

90 

S4t 


* In this experiment pyruvic acid was injected. 

t Calculated from b — 2a. 

t Calculated from b = (32/33)o, assuming the average chain length of the istty 
acids to be 17 carbon atoms. 

In the laboratory strain of rats, in which it is possible to calculate the 
isotope concentration of the pyruvic and acetic acid pools, an estimate 
of the extent of each compound as a precursor for the fatty acids of liver can 
be made. With a value of 1.9 days for the half life time of the liver fatty 
acids (4), about two-thirds of the maximum isotope concentration will ave 
been reached in the 3 day feeding period. On this basis and from t e 
isotope concentrations of the metabolic pools it is estimated that abou 
one-sixth of the carbon atoms of the saturated liver fatty acids has bee^ 
derived from pyruvic acid and about one-third from acetic acid; *■‘7’^. 2 
ratio of incorporation of pyruvic to acetic acid carbon atoms is abou ^ 
This ratio which is independent of the half life time may probably e a 
nificant for the mechanism of fatty acid synthesis. In the present 
ments acetic and pyruvic acids account for only about one-han 0 
carbon atoms of the saturated liver fatty acids. The remaining 
atoms may have originated from such unlabeled sources as the ca 



II. S. ANKER 


1349 


fatty acids or the dietary cod liver oil. On a completely fat-free diet a 
larger portion of the saturated liver fatty acids could possibly arise by 
synthesis. 

J The isotope concentrations of the unsaturated liver fatty acid have little 
significance in themselves because this fraction contains also the multiply 
unsaturated acids. The latter are essential; they are not synthesized in 
the animal (24) and therefore do not contain the label. The isotope con- 
centration of the oleic acids will therefore be considerably higher than the 
total unsaturated fraction and may even approach the tracer concentration 
of the saturated fatty acids in the liver. However, the ratio of incorpora- 
tion of pyruvic to acetic acid carbon into the unsaturated fatty acids can 
be determined. In the laboratory strain this ratio is about 4:5. It differs 
sufficiently from the ratio for the saturated acids to suggest a possible 
difference of the respective sjmthetic mechanisms (25). 

A similar estimation of the incorporation of pyruvic acid carbon into 
the liver fatty acids of the Sprague-Dawley rats cannot be carried out in 
view of the conversion of pyruvic acid to acetic acid in these animals. 
However, the comparison of isotope ratios gives some indirect information. 
In E.xperiment 4 (Table IV) in which pyruvic and acetic acids had been 
fed to the same rat, the ratio for liver cholesterol is 

CC (pyruvic acid) _ q 25 

CC (acetic acid) 

- for the saturated liver fatty acids (Table V) it is 

CC (pyruvic acid) _ q g 
CC (acetic acid) 

and for the unsaturated liver fatty acids (Table V) it becomes 


CC (p yruvic acid) _ 
(CC acetic acid) 


The higher ratios found in the liver fatty acids are most readily inter- 
preted by assuming direct incorporation of pyruvic acid carbon atoms, 
the labeled carbon of pyruvic acid were to enter the isolate compounc s 
only after conversion, of pyruvic acid into acetic acid, an i en ica ra lo in 


all metabolites would have to be expected. 

In both strains, the total and the saturated carcass fatty aci^ are 
found to have approximately identical isotope concentra ions. ® 

carcass fat contains only a small quantity of multip y unp ura e ay 
acids (26), the oleic acid fraction will have about the same isotope concen- 
tration as the saturated fatty acids. These results are in contrast to the 

experiments carried out with heavy water (27) ® tint of 

centration of the unsaturated fraction is considerably lower t^an that of 
the saturated fatty acids. This difference is not due to the use of ^rom „ 
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animals, because in the experiment Tritb an adult rat under identical condi- 
tions the total and saturated fatty acids also have identical isotope con- 
tents. It seems most plausible to attribute the variations of experiments 
trith labeled h 3 ’drogen and labeled carbon to different mechanisms of 
sjmthesis of saturated and unsaturated fatt 3 ' acids (25). Such differences 
of the mechanisms trere indicated by the unequal ratios of incorporation 
of acetic and pyruvic acid carbon atoms into saturated and unsaturated 
liver fatty acids and might easily account for the unequal uptake of deu- 
terium from the body ttater. 

DISCUSSIOX 

Considerable differences tvere observed after feeding labeled pyrurie 
acid to two strains of rats, the laboratory strain and the Sprague-Datvley 
strain. In contrast the acetic acid metabolism proved to be nearly iden- 
tical in both. The differences observed in the two strains can be most, 
readih- accounted for, if the assumption is made that the Sprague-Dawle}' 
rats convert pyruvic acid to acetic acid on a high carbohydrate diet, 
whereas the laboratory rats do not do so. In this connection the observa- 
tion by Ivrahl and Cori (2S) may be relevant. These authors found that 
Sprague-Dawley rats are much more resistant to the production of alloxan 
diabetes, as measured by the increase of the blood glucose level, than 
another strain. It may perhaps be speculated that this observation can 
be attributed to two competing pathways of pyruvic acid metabolism; 
namely, conversion to acetic acid and to glucose respectively. 

Experiments with heavy water by Schoenheimer et al. had shown that 
on a high carbohydrate diet the depot fat turns over at a rate requiring the 
daily synthesis of considerable quantities of fatty acids from small mo.e- 
cules. From similar heavy water experiments Stetten and Boxer (2) 
concluded that 35 per cent of dietary glucose is metabolized by way ci 
fatty acids. However, the experiments with isotopic carbon reported here 
lead to the conclusion that the conversion of carbohydrate to fat by tvaj oi 
pyruvic acid accounts for a small fraction only of the metabolism of <i'etmy’ 
carbohydrate. The fate of the major part of carbohydrate metabolism 
remains unaccounted for. . , 

In the laboratory strain, pyruvic acid accounts for only' about one- 
of the carbon atoms of the saturated and for about four-ninths oi 
unsarurated hver fatty acids synthesized. The other carbon atoms are 
provided by acetic acid. In the Sprague-Dawley’ strain the metao 
sequence 

Carbohydraie » pvruvic acid ^ acetic acid fatly acics 

\ 

may account for a somewhat larger part of carbohydrate metabolism 
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The author is indebted to Mrs. Ruth Raper for valuable assistance in 
the course of this work. 


SUMiLVRY 

Carbonyl- and carboxyl-labeled pyruvic acids and carboxyl-labeled acetic 
acid were synthesized and fed to two strains of rats. 

Acetyl derivatives of p-arainobenzoic and 7-phenylaminobutyric acids 
were extracted from the urine; glycogen, cholesterol, and fatty acid were 
isolated from the liver and cholesterol and fatty acid from the carcass. 

In the Sprague-Dawley strain conversion of pyruvic acid to acetic aci 

seems to occur. . . • 

In the laboratory strain no significant conversion of pyruvic acid to 

acetic acid was found. An estimate of the pyruvic aci ^ ® 

made, indicating that pyruvic acid is not in complete eq;^^ibr«th 
dietaiy carbohydrate. Pyruvic and acetic acid carbon ^ " ‘ 

poraSl into fatty acids. On a quantitative b.^fs ^cetic acid provide 
larger number of carbon atoms for the fatty acids than pj^uv c ac^. 

The utilization of pyruvic acid as a precursor for cholesterol is small. 
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ON THE METABOLIC FATE OF PYRUVAMIDE AND 
ACETAillDE* 

By II. S. anker AND R. RAPER 
{From the Department of Biochemistry, University of Chicago, Chicago) 

(Received for publication, July 12, 1948) 

The method used for the synthesis of labeled pyruvic acid as reported 
in the preceding communication (1) involved the isolation of labeled pyru- 
vamide as an intermediate and suggested an investigation of the fate of 
this compound in relation to pyruvic acid. Pyruvamide showed a marked 
difference from pyruvic acid in its metabolic behavior. In addition, an 
experiment with labeled acetamide was carried out for comparison. 


experdiental 

The synthesis of pyruvamide and the isolation of body constituents 

were carried out as previously described (2). jj.fi 

Acetamide — Carboxyl-labeled potassium acetate was converte o ace y 
bromide (1) and this compound added to an excess of iqui ammonia. 
After evaporation of the excess ammonia, the residue was extrac e wi 
hot ethyl acetate from which acetamide ciystallized out a er coo o 

Yield, about 50 per cent; m.p. 78-79°. „f„j „r;fb 

Formic Acid — ^The urine wns acidified with sulfuric aci , ex ra 
ether for 12 hours, and the ether extract evaporated to ^ 

residue was taken up in water, acidified, and treate wn ^ j 

hydrazine. The hydrazones were extracted with et y ace a 
carded. The remaining water layer was distilled f of 

tillate was neutralized with sodium hydroxide, concen ra ^^pnared as 
5 ml., and filtered. The p-bromophenacyl ester was then prepared 

described by Hurd and Christ (3). 

Restdls 

Pmmrnide sliowii.g the incorporaUon -'‘f 

into a number of metabolites after pyruvic aci , pyruv ’ 

acid feedings to rats of a fonrobteSln the various isolated 

significance of the isotope concentrations ob ha® been 

eompounds after admiaistratiop of pyruvio ^iatory 

■ bussed previously (2). lu particular rt ta«tic acid 

Strain only a negligible amount of pyruvic acid 

r fi,» TTnited States Public Health 
' * This work was supported by a grant from 

Service. 
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It can be seen by inspection of Table I that in all isolated compounds the 
distribution of the labeled carbon from p 3 rruvaniide is practically identical 
to that found after the administration of acetic acid. The results, however, 
differ significantly from those obtained after feeding pyruvic acid.- 
Pyruvamide in contrast to pyiaivic acid is a source of acetyl groups for 
acetyl-p-aminobenzoic acid exactly as is acetic acid. Pyruvic acid con- 
tributes less labeled acetyl for the acetylation of y-phenylaminobutyric 
acid than does either acetic acid or p 3 uruvamide. The isotope contents of 
glycogen and cholesterol, isolated from the liver, are similar after pyru- 
vamide and acetic acid feeding but differ distinctly from that obtained after 
administration of pyruvic acid. In experiments in which pyruvic acid 


Table I 

Isotope Concentrations of Body Constituents after Feeding Labeled Pyruvic Acid, 
Pyruvamide, and Acetic Acid 


Compounds isolated 


Acetyl group of acetyl-p-aminobenzoic acid . . 

“ “ “ acetylpbenylaminobutyric acid. 

Liver glycogen 
“ cholesterol . . 

“ saturated fatty acids 


Relatis e isotope concentrations* 
after feedinsf 


Pyruvic 

acid: 

Pynivamidet 

Acttic idl 

^cr cent 

fer cent 

per cenl 

O.IO 

2.1 

3.5 

1.3 

2.6 

2.7 

0.12 

0.05 

0.03 

0.26 

0.54 

0.66 

0.73 

0.66 

0.71 


* RIC ~ radioactivity of isolated compound 

specific radioactivity of fed compound 
t 0.46 mM per day for 3 days. 

t Radioactivity of pyruvamide and pyruvic acid calculated as present in 2 carbon 
atoms only. 


and pyruvamide were injected rather than fed, a similar pattern of distribu- 
tion of the label was obtained. These results may be taken as evidence 
that pyruvamide undergoes splitting between carbon atoms 1 and 2 in the 
body and that this splitting reaction occurs at a considerably faster rate 
than hydrolysis to pyruvic acid. The possibility was tested that the 
splitting of pyruvamide yields, besides acetic acid, a fragment consisting 
of the carboxyl carbon and amide nitrogen, which could contribute to the 
synthesis of urea. Carboxyl-Iabeled pyruvamide was therefore fed. The 
results shown in Table II indicate that the isotope concentration of urea 
did not differ from that of the expired carbon dioxide. It is therefore 
unlikely that the carboxyl carbon of pyruvamide is a specific precursor o 
urea. The analytical values from this experiment were considera f 
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below the isotope concentration of urea isolated after the administration 
of carboxyl-labeled pymvic acid. This indicates that carbon atom 1 of 
pyruvamide is not readily converted to CO 2 . From the urine of Sprague- 
-'Dawley rats fed normal pyruvamide, formic acid could be isolated and 
identified in the form of its p-bromophenacyl ester. Sonne et al. (4) have 
shown that formic acid is not converted to carbon dioxide in the pigeon. 
The occurrence of formic acid in the urine after pyruvamide feeding to- 
gether with the low isotope concentration of carbon dioxide after feeding 
carboxyl-labeled pyruvamide suggests that the sphtting of pyruvamide 
in the body yields acetic and formic acids as products. 

Pyruvamide in Liver Slices — The utilization of carbon atoms of pyru- 
vamide for the synthesis of fatty acids and cholesterol in vitro was deter- 
mined under conditions which permit the demonstration of fatty acid 
synthesis in liver slices.^ The data are given in Table III. 


Table II 


Isotope Concentration oj Urea and Respiratory Carbon Dioxide after Feeding Car- 
boxyl-Labeled Pyruvamide 



Isotope concentrations 
after feeding carboiyl- 
labeled pyiuvamide' 


atom per cent excess C“ 

0.03 

0.03 

0.00 

0.03 

0.00 






* 51 per cent excess in the carboxyl carbon. 


Bloch has sho^vn that in this system the synthesis of cholesterol f 
labeled acetic acid in the presence of insulin is not materia y c ^ ® 
addition of pyruvic acid. It can be seen from Table III that m the p 
ence of pyruvic acid the isotope is incorporated to a sun ar , 

labeled pymvamide or labeled acetic acid into ““f 

If both labeled acetic acid and unlabeled pyruvami e 
isotope concentration of the cholesterol is lower If it “ 
acetic acid and pyruvamide can be utilized in ere . similar 

concluded from the fact that individually both are uti i 
eatent for cholesterol synthesis, the lower isotope ^ “Vn- 

dUution of the labeled acetic acid by carbon atonrs 

labeled pyruvamide. The experimental data are consrstent with tma 

assumption. 


^ Bloch, K., private conuBunication. 
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Bloch and Kramer (5) have also shown that in the presence of insulin the 
incorporation of isotope into the fatty acids from labeled acetic acid is 
considerably enhanced if unlabeled pyruvic acid is added to the medium. 
The data in Table III indicate that pyruvamide can, at least partially, 
replace acetic acid as a source of carbon atoms for the synthesis of fatty 

Table III 

Isolope Concentrations of Fatty Acids and Cholesterol after Addition of Labeled Pyru- 
vamide and Acetic Acid to Rat Liver Slices 


1.5 gm. of liver slices in 16 ml. of Krebs-Ringer bicarbonate buffer at pH 7.4, con- 
taining 0.8 unit of insulin per ml. Incubated for 3 hours at 37° in Oj-COs. 


Compounds isolated 

Isotope concentrations* aCter addition of 

0 12 mu 2-C» 
pyruvamidef and 
0.18 mu pyruvic 
acid 

0.i2mul-C»< 
acetic acid and 
0.18 mu pyruvic 
acid 

0.12 I-C» 

acetic acid and 0.18 
mu pyruvamide 


per cent 

Per cent 


Fatty acida 

0.07 

0.18 


Cholesterol 

1 

0.8 it: 0.3 

0.7 ± 0.1 



* Per cent specific radioactivity of added compounds, 
t Radioactivity of pyruvamide calculated as present in 2 carbon atoms only. 


Table IV 


Isotope Concentrations after Administration of Labeled Acetic Acid and Acetamide 


Compounds isolated 

i 

Relative isotope concentrations' after feedinfit 

Acetic acid 

Acetamide 

Acetyl group of acetyl-p-aminobenzoicacid. . 

per cent 

4.4 

per cent 

2.0 

Liver cholesterol 

0.73 

0.07 

“ saturated fatty acids 

1.6 

0.16 

Urea ... 

1 

0.49 

0.15 


* RIC — r adioactivity of isolated compound 

specific radioactivity of fed compound 
t 0.46 niM per day for 3 days. 


acids. If in the experiments with labeled acetic acid normal pyruvamide 
is substituted for pyruvic acid, only a negligible uptake of labeled carbon 
into the fatty acids is observed. 

These results are in accord with those obtained in the feeding experi- 
ments in showing that pyruvamide in vitro acts similarly to acetic acid but 
differs considerably from pyruvic acid. In this series of experiments too, 
pyruvamide seems to be split much faster than it is hydrolyzed. 
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Acclamidc Feeding — The isotope concentrations obtained after feeding 
labeled acetamide and labeled acetic acid to Sprague-Dawley rats are 
given in Table IV. It can be seen that acetamide is only about one- 
' tenth as effective as acetic acid as a precursor for fatty acids and cholesterol. 
This finding indicates that only a small fraction of acetamide carbon en- 
ters the acetic acid pool. The hydrolysis to acetic acid is probably a slow 
process. 

On the other hand, however, acetamide is quite efficiently used for the 
acetylation of p-aminobenzoic acid, a value of about one-hah of the isotope 
concentration of acetic acid being obtained. As the low value of isotope 
incorporation into fatty acids and cholesterol excludes the fact that acetic 
acid is formed in large amounts from acetamide, the assumption may be 
made that acetamide is capable of acetylating p-aminobenzoic acid directly , 
t.e. without prior hydrolysis. 


SUMJIARY 

Evidence has been presented to indicate that in the intact animal pyruv- 
amide is spUt into acetic acid and formic acid, rather than hydrolyzed to 
pyruvic acid. The splitting reaction must occur at a fast rate. In liver 
slices pyruvamide can substitute for acetic acid as precursor for cholestero 
and fatty acids. The significance of pyruvamide as a normal metabolite 

isunknoivn. . 

- Acetamide is only partially and slowly hydrolyzed to acetic acid. iHe 
possibility exists that it may acetylate p-aminobenzoic aci wi ou eing 
hydrolyzed. 
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NAPHTHOQUINONE ANTIIMALARIALS 

XXI. ANTISUCCINATE OXIDASE ACTIVITY* 

Br H.ANS IIEYMANNf axd LOUIS F. FIESER 
{From the Chemical Laboratory, Harvard University, Cambridge) 

(Received for publication, May 10, 1948) 

Ball, Anfiiisen, and Cooper* studied a few representative 2-hydroxy-3- 
alkyl-1, 4-naphthoquinones under investigation as antimalarial drugs with 
results that indicated a probable parallelism between in vivo activity in the 
inhibition of respiration of succinate oxidase and antimalarial activity as 
measured by assays in ducks. With kind guidance from Dr. Ball, we 
installed his test procedure and have investigated the possible parallelism 
in further detail. 


EXPERIMENTAL 

The inhibitory effect of naphthoquinones on mixtures of cytochrome c 
and dehydrated succinate oxidase from beef heart in a phosphate buffer 
containing sodium succinate was studied manometrically according to 
Ball’s technique.* The compounds studied will be indicated by their code 
numbers; the structures are given in Table I. A typical dehydrated enzyme 
preparation at a concentration of 900 mg. per liter respired at the rate o 
107 c.mm. per 30 minutes when freshly prepared, and at the rate of 86 
c.mm. per 30 minutes 1 month later; as the aging progressed, more and 
more drug was required to produce 50 per cent inhibition of t e o:p^en 
consumption (e.g., 0.54 mg. of M-1916 per liter instead of the origmai 0.4b 
mg. per liter). This effect seems attributable to the antagonism to drug 
action exerted by the increased amounts of enzymatically inert pro ein in 
the aged preparations. Thus portions of an old, complete y mac ive eri 
zyme preparation added to the test solutions of a fres prepara ion an 
standard drug (M-1916) caused a progressive increase in the drug require 

* This work was done in part under a contract, recommended by ^ 

Medical Research, between the Office of Scientific “ 

Harvard University, and in part «-ith the aid of a grant from the Rockefeller Founds 

tion. 

With the technical assistance of Louise Wiarda ^P<,n'pr=! XVIII to XX, 

Papers I to XVII, /. Am. Chem. Soc., 70, 3151-3244 (1948); Papers XV III to XX, 

Pharmacol, and Exp. Therap.,9i,S5-12i{'iSW- Orperon Eucene, 

t Present address” DeparWent of Chemistry, University of Oregon, Eugene, 

‘ Ball, E. G., Anfinsen, C. B., and Cooper, O.. J. Biol. Chem., 168. 2o/ (1947). 
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to half inhibit the system, and added plasma protein exerts a similar 
antagonism. However, neither the variation in a given enzyme prepara* 
tion with time nor the variation from preparation to preparation was found 

Table I 

Relative Antirespiratory Activity in Inhibition of Succinate Oxidase (_37°) 


Standard, M-1916 = 1. 


CodeKoJ 

2-Hydroxy>l|4-naphthoqumone, side c^ain 

Relative 

potency, 

■wtoght 

basis 

Activity 
against P. 
lo^iurae, 

M-2261 i 

— (CH;) j-a-Acenaphthyl 

9.7 


M-295 j 

— (OHj) 3-|3-Te tralyl 

6.6 

39.3 

M-2254 I 

— (CH2)3-o:-Naphthyl 

5.3 

>20 

-2235 

— (CHj) 3-9- (1 , 2 , 3 , 4-Tetrahydrophenantbry] ) 

5.1 

>80 

-2243 

~CH 2 CH(CH 3 )CH 3 -Cyelohexyl 

4.4 

17.4 

aI-297 

— (CH3)3-P-Decalyl 

4.3 

8.6 

M-333 * 

— CHjCHtCHj) (CH2)4CH(CH3). 

4.0 

7.7 

M-197i 

— (CH 2 ) 4 -Cycloliexyl 

3.8 

11.4 

J.I-2S9 1 

— (CHjIsCH^CHj 

3.8 1 

14.3 

M-2257 1 

-(CH-lj-S-Hydrindyl i 

3.1 

34.7 

M-273 


2.6 

20.4 

M-286 

-CH-CHtCHjl-CsHu-a 

2.5 

4.4 

M-287 

-(CH;)3CH(CH3)2 

2.2 

16.4 

M-374 

— (CHsls-A^-Cyciohexenyl 

1.7 

23.6 

M-1714 

ClsH31-rt 

1.2 

! 43 

M-1936 ! 

— (CHj) 12 -Cyclopentyl 

1.2 

S7 

M-2246 ' 

— (CH.lsCHtCHil-Cyclobexyl 

1.1 

. 39 

M-1916 

— (CH 2 ) 3 -Cyclohexyl 

1.0 

21.4 

M-2237 i 

— (CH2)3-C6H,(CH3)2-2,5 

0.73 

>75 

M-1933 

- (CHsl-CHtCHj) (CHj) jCHfCHsls 

; 0.59 

13.9 

M-1929 

-(CHiIaCHCCHj)- 

0.56 

16.1 

M-1944 

-CH(CH3)(CH2)3CH(CH3)2 

0.35 

5.6 

M-2262 

— CH(CH3)(CH2)2-CycIohexyl 

0.13 

65 

M-1955 

-(CH2)3C6H5 

0.11 

M-1711 

— (CHjIjCHCCHj): 

0.07 

75 

:M-2263 

— CHs-Menthyl (Isomer B) 

0.07 

>100 

M-1963 

« ( “ A) 

0.05 

M-2264 

— Phytyl 

0.04 

68 

M-1523 

— CH2CH2CH(CH3)2 

0.03 

:M-1935 

— GsHiBr-p 

0.02 

50 


to interfere with the determination of the potencies of a series of naphtho- 
quinones relative to that of the standard, M-1916. When the inhibitory 
effect of a ^ven compound was studied, a parallel determination was alwaj^ 
made of the effect of M-1916 on the same enzyme preparation, and a blan 
was run with each set of concentrations to ofifset variation in the concentra 
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tion or activity of the differeut enzyme suspensions. The naphthoquinones 
give typical dosage-i'esponse curves that are linear up to about 70 per cent 
inhibition and then level off asymptotically. The drug activity is ex- 
pressed as the concentration (by weight) necessary to cause 50 per cent 
inhibition of respiration (LDm). The relative potency is given by the 
ratio of the LDm values found for j\I-1916 and the substance studied in 
parallel determinations. In a series of comparisons in which the LD59 
for ]\I-1916 varied from 0.46 to 1.07 mg. per liter, the following values were 
found for the relative potencj’' of !M-297: 4.1, 4.5, 4.5, and 5.3. 


Results 


The activities found for twenty-nine naphthoquinones are listed in Table 
I in the order of decreasing relative potenc}''. The in vivo activities against 
Plasmodium lophurac in duclcs, as determined by A. P. Richardson, are 
reported in terms of the effective dose (ED95) (mg. per kilo) required to 
produce a 95 per cent reduction in parasitemia (see Paper II). Some cor- 
relations between inhibitory power and antimalarial acti^dty (last column) 
can be discerned in a sharply defined series of compounds; for e.xample, 
among the compounds with normal and isoalkyl side chains the activity 
increases with increasing carbon content from C5 to Cs (0.03, 0.07, 0.56, 
2.2) and decreases from a Cio chain (2.6) to a C15 chain (1.2). The peak of 
antisuccinate oxidase activity seems to be about the same as that for anti- 
malarial activity, but beyond the peak the loss in activity with increasing 
molecular weight is less abrupt. The four compounds of highest anti- 
respiratory activity all have side chains of high carbon content (Cjs to 


Cir). 

However, when the results are considered as a w^hole, certam glaring dis- 
crepancies are observed between the in vitro and in vivo activities. jM-295 
is the second most active inhibitor and is 6.6 times as potent as ]\I-1916, 
but it is only half as active as an antimalarial; M-1944 is only one-tlurd as 
effective an inhibitor as jM-1916 but is nearly 4 times as active as this sub- 
stance in the duck assays. As a further test of the validity of experi- 
mentation wfith this enzyme system, e.xamination was made of seyera 
compounds differing significantly in structure from^ the ^ j roxja 'y 
naphthoquinones that show' characteristic antiplasmodial actmty. It was 
found that a hydroxyl or carbo.xyl group in the side cham results in a prac- 
tically complete loss in antirespiratory activity, as w'ell as m antip asmo a 
activity, and that the introduction of a methyl group into the benzenoid 
nucleus of an active hydroxyaUtylnaphthoquinone destroj's the antiyuc- 
cinate oxidase activity, whereas methyl substitution in t ^ ^ ^ ^ 

the opposite iufluence. In these subtle effects actmty m the ^bihon of 
succinate oxidase parallels antimalarial activity. owever, i - , 
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chloride of hydrolapachol (M-1523) was found to have an antirespiratory 
potency 4.5 times as great as hydrolapachol, and yet assays in ducks showed 
the compound to be completely inactive. Another probable discrepancy 
is that a-naphthoquinone showed marked activity as a respiration inhibitor, 
namely 46 per cent the potency of M-1916. It seems necessary to conclude 
that antirespiratory activity against the succinate oxidase system cannot 
be relied upon to give even an approximate index of antimalarial potency. 

SUMMARY 

Activity in the inhibition of the succinate o.xidase system does not appear 
to provide a reliable guide to antimalarial activity in vivo. 



NAPHTHOQUINONE ANTEVIALAHIALS 

XXII. RELATIVE jlNTIRESPlRATOIlY ACTIVITIES (PLASMODIUM! 

LOPHURi\E)* 

Br LOUIS F. FIESER a.nd HANS HEYMANNf 
(From the Chemical Laboratonj, Harvard University, Cambridge) 

(Received for publication, May 20, 1948) 

In Papers XIX and XX of this series we have reported application of the 
procedure of Wendel^ for determination of the activities of 2-hydroxy-3- 
alkyl-1, 4-naphthoquinones in the inhibition of respiration of parasitized 
red blood cells to the study of naphthoquinone-protein interactions and to 
the investigation of metaboUc drug deactivation. The present paper 
reports the results of the determination of the biological activities of an 
unusually extensive series of related compounds made available by a war 
time research. 


Results 


The methodology was that described in Paper XIX. Table I records 
the antirespiratory activities of several series of compounds relative to that 
of compound M-1916. The relative potency is reported on a molar basis 
as calculated from the ratio, /Cm (M-1916)//Cro (quinone studied), 
where IC^a is the molar concentration required to reduce respiration by 50 
per cent. When more than one determination was made, the average de- 
viation is recorded and the number of determinations is ^ven in parentheses. 
In some instances the values reported are averages of fomteen to twenty- 
three comparisons that were conducted over a period of several mont m 
the course of studies of protein antagonism and drug metabolism, and the 
average deviation is in the order of 15 to 25 per cent. For comparison with 
the molar in vitro activities in the inhibition of respiration o parasi ize 
red blood ceUs, figures are given in the last column of Table I for the molar 
in vivo activities against Plasmodium lophurae in the uc ' re a ive o> 


* This work was done in part under a contract, recommended by 
edical Research, between the Office of Scientific 

irvard University, and in part ivith the aid of a grant from the Rockefeller Founda- 

Papers I to XVII, J. Am. Chem. Sec., 70. 3151-3^41 (1948) ; Papers XVIII to XX, 
Pharmacol, and Exp. Therap., 94, 85-124 (1948). _ 

With the technical assistance of Shirley R. Katz ^ • n.pcon Eugene, 

t Present address, Department of Chemistry, Umversity of Oregon, Eugene, 
"egon. 

' Wendel, W. B., Federation Proc., 6, 406 (1946). 
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Table I 

Relative Activity in Inhibition of Respiration of Parasitized Red Blood Cells at 41° 
{Plasmodium lophurae in Ducks) 

Standard, M-1916 = 1. 


Code 

No. 

Side diain, typ® 


Relative molar activity 


Antircspiratory* 

I In iii» 

3M-1709I 


3 

0.05 ± 0.01 (3) 

1 0.1 

M-1710| 


4 

0.15 ± 0.02 (2) 

0.15 

M-26S 


5 

0.5 ± 0.02 (2) 

0.2 

M-260 


6 

0.5 ± 0.09 (3) 

0.4 

M~271 1 



1.3 ± 0.1 (3) 

0.6 

-2273 



2.1 ± 0.1 (3) 

2.5 

. 273 1 



1.65 ±0.2 (4) 

1.1 

i-1926 



3.1 ± 0.1 (5) 

0.6 

M-192S! 


n 1 

2.5 ± 0.1 (3) 

0.9 

M-192-i 

i 

12 

4.6 ± 0.2 (2) 

0.5 

M-2347 

1 

13 

1.9 ± 0.1 (3) 

Feeble 

M-1714 

1 

14 ; 

1 

0.51 ± 0.05 (2) 

0.6 

M-1706 


1 

1 ' 

0.1 

0 

M-1523 


2 

0.3 

0.3 

M-17n 

1 1 

3 

0.4 

0.25 

M-1929 

4 

1.4 

1.2 

M-2S7 

t 

5 

1.7 

1.25 

M-2284 

1 

6 

1.5 

2.5 

M-300 

' 

7 

4.6 

2.3 

M-22S7 


8 

3.2 

l.S 

M-1920 

— (CHj) „-CyclopentyI 

1 

0.5 

0.2 

.M-232I 


2 

0.7 

0.6 

iM-2322’ 


3 

1.3 

1.2 

M-2331; 


4 

1.1 

1.3 

M-2335^ 


5 

1.6 

1.8 

M- 1914 ' 

— (CH.) n-Cy clohexyl 

1 

1.4 

0.35 

M-1915 


2 

1.1 

0.9 

M-1916i 

3 

1.00 

1.00 

M-1971i 


4 

1.6 ± 0.1 (2) 

2.0 

AI-1956 

[ 

5 

2.3 

o.s 

M-3S4 

(CH.) „-4'-Cy clohexylcycloliexyl-cis 

1 

4.6 ± 0.2 (2) 

2.75 

M-2329 

2 

8.7 ± 0.2 (2) 

0.6 

:M-2291 


3 

7.1 ± 0.3 (2) 

1.9 

:M-3S0 

(CH;) i>-4'-Cyclohexylcy clohexyl-Irans 

1 

4.2 

3.8 

:M-2330 


2 

4.6 

3.7 

il-2292i 


3 

6.5 

3.8 
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Table I — Continued 


Code 

Ko. 

Side chaiOi type 

n 

Relative molar activity 

Antirespiratory* 

In vivo- 

M-297 

— (CH2)j-^-Dccalyl-trans 


1.6 ± 0.3 (4) 

2.9 

M-2279 

— {CHs)j-/3-Dccalyl-cJS 


4.1 ± 0.6 (5) 

7.2 

M-266 

— Cyclohcxyl 


2.5 ± 0.36 (14) 

2.3 

1M-232S 

— ^J-Dccalyl-c/a 


12.6 ± 2.0 (4) 

4.4 

M-237-1 

— ^-Dccalyl-Jraiis 


4.0 ± 0.2 (3) 

1.8- 

M-2293 

— i'-Cyclohcxylcyolohexyl-/rans 


4.8 ± 1.0 (9) 

36.2 

iI-1955 

-(CH,)„C.Ui 

3 

0.3 

0.3 

1M-22SG 


4 

0.2 

0.6 

M-2276 


5 

0.4 ± 0.04 (2) 

0.7 

M-23S7 


6 

0.8 ± 0.04 (2) 

1 

M-23S6 


7 

1.6 ± 0.1 (3) 


M-2382 


8 

1.7 ± 0.2 (3) 


M-2301! 


9 

3.6 ± 0.4 (8) 

1.95 

JM738 

-(CHj).CcHiCI-p 

1 

0 

0.2 

M-2289 


2 

0.7 ± 0.11 (14) 

1.2 

M-2260 


3 

0.8 ± 0.1 (2) 

1.2 

M-23-iO 


5 

2.5 

0.9 

lM-2344 


9 

7.7 ± 0.2 (3) 

3.1 

M-23o8 

-(CH2)nC.H5Br-p 

2 

0.4 

0.9 

Hl-2341 


5 

2.9 

.<0.6 

M-2362 


9 

7.4 

2.5 

M-2346 

-(CH2);CoH,CF,-m 


0.1 

0.2 

M-2365 

-(CHj)2C6HioCFj-3' 


0.91 ± 0.2 (3) 

0.7 

iM-23S0 

-(CH:)„CcH40C6H6-p 

1 

0.14 ± 0.07 (5) 


M-2338 


2 

2.8 ± 0.1 (6) 

0.85 

M-2309 


3 

4.6 ± 0.8 (23) 

1.75 

M-2361 


4 

0.9 ± 0.07 (3) 

Feeble 

M-2345 


5 

2.5 ± 0.2 (4) 

(C 

M-2360 


9 

2.7 

1.0 

M-2331 

-(CH2)sC(OH)(CH3)2 


0.2 ± 0.01 (2) 

Weak 

M-2343 

' — (CH 2 )sC(OH){C<Hj-ra)j 


2.1 ± 0.5 (3) 

ii.UT 

M-2376 

-(CH2)eC(OH)(C6Hu-7i)2 


0.1 ± 0.02 (2) 

<1.01 

M-2350 

' -(CHo)5C(OH)(C5Hu-71)! 


3.4 ± 0.8 (16)| 

/ .oj 

M-2367 

-(CHj) sCCOH) (CoHi3-7i)j 


1.3 ± 0.1 (2) 


M-2363 

' — (CH2)„C6H40CH3-P 

4 

0.3 ± 0.04 (3) 

0.5 

1 4f?) 

M-2357 


5 

0.8 


M-2334 

9 

2.6 (2) 
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are expressed on an absolute -weight basis; in the chart of relative molar 
activities for the ?i-allvyl series, for example, the peak for the Cg side chain 
appears very much more pronounced and there is a less abrupt loss in activ- 
ity from Cio on. Both sets of data are subject to considerable e.xperimental 
error and to the uncertainties of biological variation; some of the in vivo 
activities are based upon uncorrected ED95 values obseiwred in a single 
assa3% and some of the in vitro activities represent the results of a single 
series of Warburg determinations. Within the rather wide limit of toler- 
ances indicated, it can be concluded from the charts that when the naph- 
thoquinone side chain contains no more than about 10 carbon atoms the 
relative in vivo and in vitro activities show considerable correspondence. 
With an increase in the size of the side chain beyond this limit the in vitro 
activity continues to rise, probably as long as the naphthoquinone sodium 
salt possesses adequate solubility, whereas the in vivo activity either falls 
off or increases to a lesser extent as the result of increasingly poor absorption 
from the gut. That members of the arylallcyl series having Cis to Cgi side 
chains are surprisingly high in in vivo activity may be associated with the 
greater hydrophilic character of this type of side chain, particularly -^vhen it 


contains a halogen substituent. 

The enhancement of both types of activity by a p-halo substituent is 
noteworthy. The actmties of p-chloro- and p-bromophenyl derivatives 
parallel one another closely over a wide range of activity (0.2 to 7). The 
following comparisons can be made of the ratio of activity of a p-chloro 
compound to that of the p-bromo derivative: in vitro, 1.7, 0.9, and 1-0, 
average 1.2; in vivo, 0.4, 1.3, 0.9, and 1.2, average 0.95. E-vidently chloro 
and bromo derivati’ es possess the same potency on a molar basis, and hence 
the chloro compoimds would be given preference in practical therapy. One 
comparison of in t ivo activities indicates that a p-iodo derivative corresponds 
to the chloro and bromo compounds in molar activity; two comparisons are 
in agreement in showdng that p-fluorophenyl derivatives have only 40 per 
cent the molar potency of the chloro, bromo, and iodo analogues. 


Although the seven charts of Fig. 1 of relative in vitro activity may seem 
to conform to widely varying patterns, only one of them, that for the n- 
alkyl series, is extensive and complete enough to form a satisfactory basis 
for judgment. In this series the activity rises slowly and steadily to a peak 
at Co and then increases further to progressively higher peaks at Cu en 
C13. The curve for the isoalkyl series starts off in a similar manner but 
extend only through one substantial peak (at Cio); those for the two 
cycloalkylalkyl series may represent merely the first parts of the curves 0 
the 7i-alkyl type. The curve for the w-phenylallryl series, complete from 
Co to Ci5, shows an initial slow rise and then a surge to a possible pea '> 
again there is a suggestion of conformance to the pattern of the n-n 7 
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series. The p-phcnoxyphcnylulkyl scries can perhaps be regarded as one 
having only two lower members before a C15 peak is reached. 

On the assumption that the incomplete charts represent fragments con- 
,dorming approximately to the general pattern discernible in the «-ahcy 
series, it is understandable why an alternation in the ui vitro activities ot 
odd and even carbon horaologues is obseiwed in some series but not in 
others. Alternation occurs in the a-alkyl series, but only m the region C3 
to Cu and not among the lower members. In the isoalkyl series a sir ung 
alternation is obseiA-ed among the Co, C.„, and Cu derivatives. In the next 
four series of Fig. 1 the charts arc incomplete in the re^on wheie altem 
tion could be reasonably expected. The data for the p-pheno.xyphenj lalkyl 
series cover this favorable region, and strildng alternation exists from Cu 

Table II 


Code Xo. 

Side chain 

Relative anti- 
respiratory 
activity (duck) 

j^human 

T^duck 



3.1 

1.0 

M-192G 

— CiiHji-U 

2.5 

0.71 

M-1928 


4.6 

0.82 

M-1924 

— CuH-s-u 

1.9 

0.97 

M-2347 

— CuH27-n 

2.8 

0.47 

M-2338 

— (CHdiCJI.OCoHi-p 

4.6 

4.1 

M-2309 

— (CHilsCcHiOCoHh-p 

0.9 

0.41 

M-2361 

— (CHdiCcH.OCiHh-p 

2.5 

0.73 

lM-2345 

— (CHilsCsHiOCiHs-p 

4 6 

1.4 

M-384 

— CH-4'-Cyclohexylcyclohexyl-cis 

8.7 

3.8 

M-2329 

M-2291 

— (CHj) 2 - 4 '-CyclohexyIcyclohexy l-cis 
— lCH»')i-4'-Cvclobexylcyclohexyl-cts 

7.1 

1.3 


to Cu. Since the Coi homologue has an odd car on^ 

the peak Ca and C17 members, it may rep y ^phenyl compound 
incomplete chart. The e*'"* toSlo^ 

may bear a similar relationship to the u _ o ^ among the three 
limited instance of alternation not s own activities are 

cis-4'-cyclohexTlcyclohexylaUcyl deriva . observed. Parallel 

4.6, 8.7, and 7.1 ; in the trans senes no ^Itemation^^ 

alternations in in vivo activity are appare , ^ derivatives, whereas 

pounds and with the Cu to Cie p-phenoiOT three cis-I'-cyclo- 

an alternation in the opposite sense is m c ^ activities is 

hexylcyclohexyl compounds. The a ^ magnitude as to be indica- 

more profound, and the effect is of so s character of the 

tive of a real phenomenon. “^^Xins 

side chain determines firmness of binding to protem . 
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The experiments reported in Table II were made to see whether alterna- 
tion could be detected in the antagonistic effect of human plasma proteins. 
The three series of homologues selected for study aU exhibit striking alter- 
nation in antirespiratory activity in suspensions in duck serum. In the 
n-alkyl series such differences as were observed m the relative susceptibility 
to added human serum are within the limit of experimental error. In 
the other two series a striking and consistent alternation was observed; 
odd and even homologues vaiy in susceptibility in some instances by a 
factor of 10. In each case the compounds that possess the peak poten- 
cies are the ones most strongly antagonized by human plasma proteins. 
The relationship is unfortunate from a practical point of view and demon- 
strates the importance of considering all available criteria for drug evalua- 
tion. That naphthoquinones particularly potent as respiration inhibitors 
are also highly susceptible to deactivation by specific proteins, presumably 
by virtue of a strong binding to the protein, suggests that the inhibitory 
action involves competitive protein binding; the drug action may therefore 
consist in combination ivdth, and deactivation of, a respiratory enzyme. 

SUMMARY 

1. Comparison of relative in vivo activities of 82 naphthoquinones with 
the relative antirespiratory activities of the compounds in suspensions of 
parasitized erythrocytes shows that the two manifestations of biological 
activity are not fully parallel but that the convenient in vitro test provides 
a rehable guide to membera of the series hkely to possess significant in vivo 
activity. 

2. In some of the series investigated, alternations for odd and even 
carbon homologues are observable both in the in vitro activities and in 
relative susceptibiUties to human protein antagonism. Since the homo- 
logues of highest potency are those of greatest susceptibiUty, drug action 
apparently consists in combination with a respiratory enzyme and resulting 
deactivation. 
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It is weU established that in states of inanition and during P^iods of 
restricted protein intake animals suffer a loss of tissue pro em, u e 
significance of this loss with relationship to enzyme activities and vitamin 
concentrations of tissue has not been clearly elaborated. In respect 
however. Potter and Klug (1) reported that the livers o ra ® , 

a diet high in carbohydrate and low in protein or a le ig jpp,. paged 

low in protein possessed diminished succinoxidase ac ivi y a 
capacity for the oxidation of octanoate and citrate Axdrod SiWe, 
and Elvehiem (2), on the other hand, have reported an 
succinoxidase activity of livers from rats maintained on a restricted 

“ nUy? more extensive study, Miller (3) « *0 ac- 

tivities of a number ot ensymes, including cataiase, ato 
xanthine dehydrogenase, and cathepsm, are decreased i ity ap- 

lasted tor a period of 7 days. The observed loss 

patently paralleled or exceeded to loss o 7 ,' u' represented a loss ot 
this author concluded that the decrease m t H hv Miller (4) with 

enzyme protein per se. Similar results were reported by MiUer (4) 

respect to rats maintained on a protein-free let. . i^g^^yeen 

A more quantitative ^ ^v LSod^ aS Kleinman 

protein intake and liver ^rginase ^ctm activity was 

(5). These authors demonstrated tha animals 

directly related to the .^uae ^This relationship was 

were maintained on a particular dietary g content to a need 

interpreted as expressing an adaptation o pj-gtein which the organ- 

for the enzyme as determined by the amount of protein 

Philadeloliia. A 

* Aided by a grant from Wyeth, Ajnerican Society of Biological 

report of this work was , = iqis (Seifter, S., Harkness, D. M-, 

Chemists, Atlantic City, New Jersey, Mare ' . p oc., 7, 187 (1948))- 

\ Feldman, B., Rubin, L., and Muntwyler, E., Federation 

1371 
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ism was required to metabolize. No attempt was made by these workers 
to correlate the observed changes with the concentration of liver protein. 

A relationship likewise has been shovm to exist between protein intake 
and the liver concentrations of certain B vitamins. Thus, Sarett and 
Perlzweig (6), Unna and coworkers (7), and Reisen, Schweigert, and Elve- 
hjem (8) have shown that the liver riboflavin is decreased in rats maintained 
on a low protein diet. On the other hand, Flinn and coworkers (9) observed 
an increase in the liver concentrations of nicotinic acid, pantothenic acid, 
pyridoxine, biotin, and vitamin Be in chronically undernourished animals. 

The present investigation was undertaken to determine (o) the nature 
of the relationship existing among the enzyme activities, vitamin concen- 
trations, and the protein levels of tissues, and (b) the effect that variations 
in the diet have on this relationship. More specifically, the study is 
concerned with the changes which occur in the D-amino acid oxidase and 
arginase activities and the riboflavin and nicotinic acid concentrations of 
the livers of rats maintained on a protein-free diet. These particular 
liver constituents were chosen for study because they include (o) an 
enzyme which requires a vitamin coenzyme, {b) an enzyme which re- 
quires no known vitamin coenzyme, and (c) two vitamins which are 
known to be components of various enzyme systems. 


EXPERIMENTAL 


Twenty-four male Wistar strain rats, between 16 and 23 weeks of age 
and weighing between 280 and 313 gm., were placed on a normal diet, 
adequate in all respects, for a period of 7 days. At the end of this time the 
animals were divided into three groups of eight animals each. Four 
animals in Group A were placed on a protein-free diet for a period of 7 
days. In a similar manner four animals in Group B were maintained on 
the same protein-free diet for 14 days. In Group C, four animals were 
kept on the protein-free diet for 21 days. In each group the remaining 
four animals served as pair-fed controls. 

The control diet consisted of commercial casein, 20 per cent; sucrose, 
65 per cent; corn oil, 10 per cent; Salts 4 (10), 4 per cent; and dried bre^vers 
yeast, 1 per cent. The protein-free diet was similar in composition ex- 
cept that the casein was replaced with an equal amount of sucrose. lo 
addition all animals received daily 2 drops of a vitamin supplement wbic 
furnished the following water-soluble vitamins in the amounts indicated, 
thiamine 25 y, riboflavin 30 y, nicotinamide 25 y, pyridoxine hydrochlori e 
25 7 , calcium pantothenate 200 y, choline chloride 10 mg., and inositol 
mg. Twice weekly all animals received 2 drops of a cod liver 
min E supplement which furnished 200 U. S. P. units of vitamin A, - 
U. S. P. units of vitamin D, and 1 mg. of a-tocopherol. 
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At the end of the indicated feeding period the animal was sacrificed by a 
sharp blow on the head; its liver was quickly excised and blotted free of 
adliering blood, and sampled immediately for the determinations outlined 
helow. Water was determined by drying to constant weight at 103°, 
and fat by weight difference after extraction with ether. Nitrogen was 
determined on the dry, fat-free residue by the micro-Kjeldahl method. 
Glycogen content, determined on the livers of some rats as mentione ^ e 
low, was measured by the method of Deane and his con orLeis (11)- Nico 
time acid was determined microbiologically with Lactobacillus arabinosiis as 
described by Snell and Wright (12). Riboflavin was determined micro- 
biologically with Lactobacillus casci as described by Snell and Strong (.i-ib 
The microbiological procedures were carried out on an extract prepared 
by autoclaving a weighed portion of liver at 15 pounds foi 3 minu es. 

Arginase activity was measured on an aliquot of a liver omogena e 
equivalent to approximately 0.3 mg. of tissue. The met o o an y ' 
and Archibald (14) was employed for the determination, ® , 

being determined colorimetrically by the method o ic i a 
tivity is expressed in Van Slyke-Archibald units. 

In order to obtain maximum argina,se activity, e ^ ^ 

homogenized in 0.05 MnSOi prepared in 0.9 per cen a • ipng+v. of 
that the arginase activity as determined was depen en upo 
time that elapsed between the lolling of the anima an activation 

the activation with manganese and also on the dm a ion o results 

period. In order to keep these factors constant, thus to obtam results 

on a comparable basis, a strict time schedule was adop ed 

genization with the manganous sulfate solution was s ar , j £ , £q 

the death of the animal, and activation was allowed to continue 

minutes before incubation with the substrate. rnethod 

.-AMino acid cidase was detecnained 
described by Rodney and Garner (16). Th homogenate 

the measurement of the amount of keto acid or £ q qq^ T his 

after incubation with DL-alanine at a concen la lo measuring the 
method was checked against determ^tions correlation was 

oxygen uptake under similar conditions, The essential 

found within a fairly narrow range of tissue 

steps of the procedure are defiled below consisted of 

The test system, contained m a 125 m . a. n c ml. of 0.04 sodium 
the following materials in the amounts m ® alanine, 2.0 ml. of 

arsenite prepared in 0.11 m NaCl 0^ and LO 

Krebs-Ringer solution from which the ca _p„nte containing between 
mi. of a Wy divided, well mted, Uver “°p"epared to the 

ICO and 200 mg. of tissue. A blank detemmabon aas prep 
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same maimer except that the DL-alanine was replaced by an equivalent 
quantity of the Ringer’s solution. The remainder of the determination 
was then carried out by the method of Sealock (17). The air phase above 
the mixture in the flask was replaced by oxygen, the flask was stoppered/- 
and the system then allowed to incubate at 37° for exactly 6 hours. At 
the end of this time the reaction was stopped by the addition of 1.0 ml. of 
20 per cent trichloroacetic acid, and 5 ml. of water were then added. 
The solution was filtered and the amount of keto acid formed was deter- 

Tablb I 


Water, Fat, Glycogen, and Nitrogen Contents of Livers of Protein-Deficient and Control 

Rais 


, 

in 

*e3 

E 




Nitrogea 


Group 

G 

Water 

Fat 

Gly- 



On basis of 






On basis of 1 

On basis of 

solids free 





1 

fat-free solids 1 

wet tissue 

of fat and 





! 



glycosen 




gm. per kg. 

gm. per 
kg. 

gm. per I 
lOO gm . , 

gm. per ig. 

mg. per gm. 

gm. per 

100 gm. 

A 

Protein-free, 7 

4 

708.6 

24.2 


9.45 

25.20 


1 

days 


(695-718) 

(18-33) 

1 

(9.0-10.5) 

(23.7-27.8)i 


! 

Pair-fed con- 

4 

697.4 

15.7 


11.29 

32.25 



trol 


(689-713) 

(11-23) 


(9.9-13.1) 

(29.5-34.6) 


B ’ 

Protein-free, 

4 

687.1 

58.1 


8.60 

21.85 


1 

14 days 


(671-700) 

(31-67) 

! 

(7.2-10.0) 

(18.2-23.7) 



Pair-fed con- 

4 

698.9 

11.5 


11.82 

34.14 


! 

trol 


(695-702)' 

(9-15) 

! 

(11.1-12.7) 

(32.5-36.0) 


c 

Protein-free, 

8 

668.4 

80.0 

9.1’ 

9.15 

21.95 

13.90* 


21 days 


(636-694)' 

(45-122) 

(8-10) 

(7.9-10.5) 

1(20.8-24.6) 

(12.9-14.9 


Pair-fed con- 

8 

696.3 

16.4 

3.8* 

11.80 

33.59 

13.70* 


trol 


(692-703) 

(9-29) 

(2-5) 1 

(10.4-12.7) 

(30.1-36.8) 

(13.3-14.0 


The figures in parentheses represent the range of the values. 
* Four animals. 


mined on 1 ml. of the filtrate by means of a 2 , 4 -dinitrophenylhydrazonf 
procedure. The D-amino acid oxidase activity is expressed in micromoIoJ 
of pyruvate formed per unit of liver under these conditions. 

Results 

Throughout the course of the study the experimental animals consumed 
an average of 11 gm. of food per day, and, on the average, lost 7 gm. m 
body weight per week. The animals on the control diet, which were pai^ 
fed to the protein-restricted group, consumed an equal amount of food an 
gained, on the average, 3 gm. in body weight per week. 

The results obtained from the analyses of the livers of the protein 
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restricted and control rats for water, fat, and nitrogen are presented in 
Table I. ^laintenance on a non-protein diet, under conditions of adequate 
caloric intake, resulted in a decrease in the concentration of liver protein 
as indicated by the amount of nitrogen obtained per gm. of liver. The rate 

Table II 

Xicolinic .Ici’if and Riboflavin Conccnlralions and Arginasc and D-Amino Acid Oxidase 

. ... .. TV... j r5- • P/t/c 


Group (4 animals each) . Nicotinic acid 


B 


Protein-free, 7 days 


Pair-fed control 


|Protoin-free, 14 
days 

|Pair-fed control 


|Protein-free, 21 
days 

|Pair-fed control 


y pi' 
*«. 

102. 0l 

(95- 
104) 
152. S| 
(133- 
172) 
79. 5| 
(62- 
99) 
139. 1| 
(106- 
172) 
74.31 
(65- 
81) 
147.21 
(125- 
181) 


I per \ 

ttn. jY 

4.00 

(3.S- 

4.4)1 

4.75 

(4.3- 

5.2) 1 
3.64 
(3.0- 

4.2) 1 
4.08 
(3.3- 

5.1)1 

3.42 

(3.1- 

3.9)1 

4.58 

(3.6- 

6.0)1 


Ribodavin 

Arginase* 

y per 

mg. per 

units 

units X 
10-* ptr 

gm. 

gm. N 

per gm. 

gm. iV 

18.01 

0.70U 

86§ 

3.6§ 

(17- 

(0.66- 

(76- 

(3.1- 

19) 

0.77) 

95) 

4.0) 

26. 6t 

0.824t 

un 

CO 

15. 2§ 

(22- 

(0.65- 

(426- 

(14.4- 

33) 

1.13) 

503) 

16.1) 

16.4t 

0.734t 

138 

6.3 

(13- 

(0.71- 

(35- 

(1.9- 

18) 

0.78) 

263) 

12.8) 

35.3 

1.037 

560t 

16. 4t 

(34- 

(0.98- 

(429- 

(13.2- 

37) 

1.15) 

737) 

21.8) 

17.8 

0.825 

103t 

4-+ 

CO 

(13- 

(0.60- 

(54- 

(2.5- 

22) 

1.04) 

243) 

11.6) 

33.1 

1.015 

383t 

12.lt 

(25- 

(0.84- 

(320- 

(10.6- 

44) 

1.24) 

420) 

13.9) 


D-Amino acid 
oxidase activityt 


units 
per gm. 

15.0 
( 12 - 

20) 

34.6 

(32- 

38) 

11.8 

( 8 - 

15) 

39.2 

(35- 

41) 

11.9 

( 10 - 

15) 

43.1 
(34- 

64) 


units per 
gm. N 

596 

(489- 

805) 

1098 

(923- 

1212) 

529 

(395- 

646) 

1154 

(970- 

1258) 

529 

(437- 

653) 

1310 

(980- 

1802) 


* The unit is defined as the amount of arginase whic in micromole of 

9.5, and substrate concentration of 0.285 m arginine will decompos 

arginine to form 1 micromole of urea (see (14)). equivalent to the micro- 

tThe activity is expressed here as units ^ 

moles of pyruvate formed under the conditions of t e assay, 
t Three animals only. 

§ Two animals only. 

of decease was greatest in the 1st week of protein 
the maximum absolute decrease was already apparen , 

the diet for 14 days. The experimental am^Is S 

showed no further loss of liver protein concentration as P 

' ?h?dStio„ of liver protein was aooompanM ^y a -ady M m t^ 
water content of the liver and a steady rise m the hver fat. As 
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seen, the liver fat increased from about 1.5 per cent in the control animsls 
to S per cent in the animals subsisting on the protein-free diet for 21 da}'s. 



free (^et; X, Group C, control diet. 

This change occurred even though ail animals received 10 mg. of cholios 
chloride per day. 
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The reduction in the nitrogen content of the fat-free liver soHds in thf. 
groups of animals on the protein-free diet, which becomes apparent when 



p N ITROGEN - MQ/GM 

xijQ 2 T * * • • 

tions in r” nicotinic acid and riboflavin concentrations with respect to varia- 

toFig I ''Ontsnt. For interpretation of reference points see the legend 


1 ^P^rison is made with the pair-fed controls, was most probably due to 
i ^ Uver glycogen. In evidence of this. Table I includes 

’ '' on^th glycogen of eight additional rats which were maintained 

6 same dietary regimes as the ’animals in Group C. The data show 
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that the animals on the protein-free, high carbohydrate diet had an average 
liver glycogen content of 9 per cent as compared with the figure of 4 per 
cent for the control group. 

The results obtained from the analyses for riboflavin, nicotinic acid, 
D-amino acid oxidase, and arginase are presented in Table II. As in the 
case of the changes in protein concentration of the liver, protein restriction 
resulted in a decrease in the liver concentration of nicotinic acid and 
riboflavin as well as in the activities of the two enzymes. The diminution 
in the amounts or activities of these substances in all cases exceeded the 
decrease in the concentration of liver protein. This may be seen by 
comparing the values obtained per gm. of nitrogen in the protein-re- 
stricted groups with those obtained in the pair-fed controls. On this basis, 
the magnitude of decrease was considerably greater in the case of the en- 
zymes than in the case of the vitamins. 

The actual levels of the activities of D-amino acid oxidase and arginase 
were found to be directly related to the concentration of protein in the 
liver, as is shown in Fig. 1; here is shown the best straight line for the 
plot of enzyme activities against nitrogen per gm. of liver. From Fig. 1 it 
can be seen that a decrease in the liver protein concentration was accom- 
panied by a decrease in the activities of these two enz3Tnes. However, the 
rate of diminution of enzyme activity appears to have exceeded the rate 
of reduction in the liver protein as evidenced by the failure of the curve 
to go through the origin upon extrapolation to an enzyme activity of zero. 

As is shown in Fig, 2, a similar type of relationship was observed to 
exist between the concentration of liver protein and the concentrations 
of riboflavin and nicotinic acid. As in the case of the enzymes, the levels 
of these two vitamins were directly related to the level of protein in the 
liver. This relationship was seen to hold, although the intake of these 
vitamins for all animals was maintained constant at a supposedly adequate 
level. Also, as was found with respect to the enzymes, the rates of decrease 
in the concentrations of riboflavin and nicotinic acid in the liver were 
greater than the rate of reduction in the protein concentration. 

DISCUSSION 

The increase in liver fat which, in the present study, was found to 
accompany protein restriction in the diet, is similar to the findings o 
Reisen and coworkers (8) for rats receiving a low protein diet and com 
parable amounts of choline. That such an increase is not due to a de- 
creased intake of methionine per se was showm by these workers, 
their experiments, for instance, the incorporation of this amino acid m o 
the low protein diet at a level equivalent to the methionine conten o 
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a 20 per cent casein diet did not cause a lowering of the level of liver 
fat. 

The decrease in the liver concentration of protein encountered in ani- 
mals on a protein-free diet under conditions of adequate caloric intake 
is in marked contrast to the protein changes which apparently occurred in 
the livers of fasted rats as observed by Miller (3) . For a given enzyme 
one may take the figure reported by this author for units of enzyme activ- 
ity per gm. of liver and divide it by the reported figure for units of ac- 
tivity per gm. of liver protein. This result, divided by the factor 6.25, 
then yields a figure representing the concentration of nitrogen in the partic- 
ular livers under consideration. Such an analysis of Miller s data s ows 
an increase in the nitrogen concentrations of the livers of the fasted am- 
mals (36 mg. of nitrogen per gm. of liver) as compared with the control 

animals (32 mg. per gm. of liver). . 

The diminution in the activities of D-amino acid oxidase and arpnase 
with dietary protein restriction is in agreement with the rpu ts o aine 
by Potter and Klug (1) with respect to the capacity of livers obtaine 
from rats which had subsisted on a low protein dip to oxi ize supma e, 

citrate, and octanoate, and, further, is consistent wit t e rep so ^ 

(4), who found a similar decrease in the activities ° r^nnrtpd 

in animals fed a non-protein diet. The changes whic ave p®^ „nHpr- 
rith regard to the enzyme activities of the livero o as e 
lourished animals (2, 3) would appear to indiepe that 
nvolved in producing these changes differ from tho»e opera i o “ 

he changes observed in animals restricted only wi respe^ nctivitv 

irotein. Furthermore, the direct relationship between enz^e ac^^^^^^^^^ 

md liver protein concentration, as found in t ® /o-) Vng found 

lecessarily hold in the case of fasting animals. Thus hp ( ) 

that the Lnthine dehydrogenase and catalase 

tasting animals may be found to decrease, even though aPP P 

culatiL, as explained previously in this discussion, indicate that the pro 

tein concentration increases. for the 

Since riboflavin is an integral part of 
activity of D-amino acid oxidase and since t ® ri auite possible 

the liver decreased on a non-protein diet, oSved in this study 

that the changes in D-amino acid oxidase a y However since a 

could be due to a decrease in ""itrof the enzyme krginase 

similar decrease was encountered m the a ^ ^ ^ j^ore hkely 

which does not require a vitamin cofactor represented a loss in 

that the diminution in activity of bot to note that Lan 

enzyme protein per se. In this regard it 
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(18) has reported that rats bearing transplanted hepatomas showed a 
greater decrease in the activity of liver D-amino acid oxidase than of the 
liver concentration of the coenzjnne. 

The observed changes in the riboflavin and nicotinic acid concentrations, 
in the liver would appear to indicate that the levels of these vitamins in 
the liver are independent of the intake over and above a certain minimum 
requirement, but rather depend largely on the level of tissue protein. In 
the case of riboflavin this observation is supported by similar findings 
which have been reported by other investigators (6-8). 

The direct relationship which was found to exist between the concen- 
tration of liver protein and the levels of riboflavin and nicotinic acid sug- 
gests that these vitamins exist in a combined form in the liver and aie 
not present as the free vitamins. Such an observation with respect to 
nicotinic acid has previously been made by Robinson and his coworkers 

(19) . 


SUMMARY 

The effects of feeding rats a diet free of protein for varying periods of 
time have been studied with respect to the concentration of protein, ribo- 
flavin, and nicotinic acid, and the activities of D-amino acid oxidase and 
arginase in the livers of these animals. 

maintenance of rats on a protein-free diet caused a decrease in the con- 
centration of liver nitrogen, a decrease in the liver water content, and an 
increase in the liver fat. 

Animals subsisting on a protein-free diet possessed diminished liver 
arginase and D-amino acid o.xidase activities and decreased liver con- 
centrations of riboflavin and nicotinic acid as compared with pair-fed 
controls. These decreases exceeded the loss in liver nitrogen. 

The activities of D-amino acid oxidase and arginase and the levels of 
riboflavin and nicotinic acid in the liver have been shown to be directly 
related to the concentration of liver nitrogen under the conditions of these 
studies. 

The significance of these observations is discussed. 
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A summary of the little that is kno\\'n of the metabolism of lysine in 
animals is as follows: it is indispensable in the diet, its a-amino group oes 
not participate in reversible transamination reaction in vivo (2), neit er t e 
L nor D form is attacked by the appropriate amino acid oxidase, certam 
6-nitrogen-substituted derivatives can replace lysine in t e let an eir 
a-amino groups are oxidized by amino acid oxidases (3, 4), no a ni 
substituted derivatives yet prepared can substitute for ysine m e 

diet (4-6). ^ i 

Partly because so little was Icnown, we have undertaken a study ot t e 

metabolism of lysine with the use of 0“ as a tracer. e ammo 
synthesized with the isotope in the e position and reso ve in o i s 
isomers. In order to observe in an initial e.xploration as many aspec 
its metabolism as possible, one or the other isomer was ma e in o a niL\ 
with unlabeled amino acids, corresponding to the com^si ’ 

and incubated with guinea pig liver homogenate un er i , -j 

The present communication deals with the finding of a-ammoadipicacid 
as a product of the degradation of lysine. 

Preparations 

Synthesis of Labeled Lysine— The steps “ by 

marized in the following diagram; the position o 
an asterisk. 


,C*0, C*0, KC*N - NC*-CHrCH=-CHCl (y-chlorobutyronitrile) 

NC*-CHrCHo-CH 2 -CH- (COOC-Hs)^ (Diethyl “alerate) 

NC*.CH.CH.-CHrC(=NOH)-COOC=H. (ethyl 2-o..inudo-5-cyanovalerate; 

NH-d-COOH (DD-lysin 


* This work is a part of that done under reported (1) . 

ited States Navy Department. A summa y Monsanto Chemical Company, 

rhe Caused in this investigation was supplie y ‘ allocation from the 

nton Laboratories, Oak Ridge, Tennessee, an 
ited States Atomic Energy Commission. 

lOQ^ 
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KC*N — 309.S mg. of BaC*Oj was converted to IvC*N by the method of 
Cramer and Ivistiakowsky (7) and Loftfield (8, 9). The strongly alkaline 
solution obtained after decomposition of the excess potassium was con- 
centrated to 4.7 gm. 90 per cent of the radioactivity was ineoiporated 
into the KC^N. 

y-Chlorobuiyronitnle* — ^IvCN was converted to 7 -chlorobutyronitrile by 
a modification of the procedure previously described (10). To the IvC*N 
were added 1.253 gm. of inactive KCN dissolved in 4 ml. of H^O and 28 ml. 
of absolute ethanol. The solution was titrated slowly at 0° to pH 10.8 
ith 6 N HCl ; 3.8 ml. were consumed. The glass electrode was washed with 

ml. of HoO and the washings added to the solution, which was then 
refluxed with 19.2 gm. of trimethyiene chlorobromide with vigorous stir- 
ring for 5^ hours. After cooling, the solution was diluted with 45 ml. of 
water, and the twm layers separated. To the lower layer was added a 
chloroform extract (12 ml.) of the top layer. The mixture was washed 
with 10 ml. of a 16 per cent CaCh solution, then wdth 3 ml. of water, and 
dried over fused CaClj. The chloroform was removed by distillation at 
atmospheric pressure, and the residue distilled in vacuo; the product ob- 
tained at 89-93° and 24 mm. was used for the next step. Yield, 1.535 gm., 
or 75 per cent. 

Diethyl (S-Cyano-n-propyl) Mahnate* — ^From the nitrile, DL-lysine was 
prepared by a modification of the method of Fischer and Weigert (11)> 
1.0 gm. of sodium in a Carius tube was dissolved in 10 m'. of absolute 
ethanol. After cooling there were added 13.3 gm. of diethyl malonate, 
then a mixture of 13.3 gm. of diethyl malonate and 2.74 gm. of chloro- 
butyronitrile*, followed by 13.3 gm. of diethyl malonate. The tube was 
sealed and heated for 15 hours at 95-98°. Ethanol, malonate, and remain- 
ing nitrile were removed by steam distillation, the residue e.vtracted with 
ether, and the ether extract dried over potassium carbonate for 15 minutes, 
filtered, and distilled at 0.5 mm. Yield, 5.20 gm. (86 per cent); b.p. 
128-131° at 0.5 mm. 

Ethyl 2-Oximido-o-cyanovaleraie* — 0.166 gm. of sodium was dissolved in 
2.64 ml. of absolute ethanol and cooled to —18°. A mixture of 1.13 nJ- 
of ethyl nitrite with 1.628 gm. of cold diethyl (3-cyano-n-propyI) malonate , 
cooled to 0°, was then added dropwise into the ethylate solution and washed 
dowm with 0.66 ml. of cold absolute ethanol. After standing for 21 hours 
at —15° to —10°, the alcohol w^as removed at room temperature tn vacuo. 
The residue, dissolved in 10 ml, of water, was extracted rvith 5 ml. of etheij 
and the ether w'ashed with two 1 ml. portions of water. The combine 
aqueous solutions were cooled in ice, acidified with 10 per cent sulfuric aci ^ 
and extracted with ether. After removal of the solvent in vacua and vyiOo 
over sulfuric acid, the ester crystallized. Yield, 1.195 gm. (90.5 per cen 
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dl-Li/sihc*— Id a flasU with a refliLx condenser 1.252 gm. of ethyl 
2-o.\imido-5-cyanovaleratc* were dissolved in 100 ml. of absolute ethanol, 
and 10 gm. of sodium added in small pieces as rapidly as possible. After 
75 minutes the metal was almost completely dissolved. 10 ml. of water 
were added, and the solution refluxed for 45 minutes. It was then cooled 
in ice and acidified by adding 50 per cent HoSO^ slowdy with vigorous stir- 
ring. The sodium sulfate was filtered off and washed several times by 
suspension in 95 per cent ethanol. Filtrate and washings were concen- 
trated m vacuo, and the residual alcohol removed by steam distillation. 
The remaining aqueous solution was made alkaUne to p eno p a em 
mth barium hydroxide, boiled, and the barium su ate ere o 
e.xcess barium was removed wth carbon dioxide and the filtrate concen- 
trated to a syrup in vacuo. The syi’up was taken up in e ano , an a 
per cent alcoholic solution of picric acid added diopwuse wi ® f , 

further addition caused no more turbidity. After ^an pfhanol 

the crude picrate was filtered off and washed with cold absolut^^ 
and ether. After two recrystallizations, first from 10 ° 

5 ml. of hot water, 0.656 gm. of lysine* picrate was obtained. Aield, 

The picrate was converted to the ’'£^^30^0^ iras 

if hot water and 2.3 ml. of concentrated HC . nhase on 

moled, the picric acid was e.xtracted wi^ et ei\ oL-lysine 

waporation in vacuo and drying over H 2 SO 4 > 

iihydrochloride* in quantitative yield. . po-wg. 

Lolution of DL-iyaine*-The DL-lysine ^vas resolved by the 

benzoxy-aniline-papain “®thod of Bergmann ej dihydrochloride was 

Carhohenzoxy-DL-Li/sme*— 0.430 gm. of 7 carbobenz- 

dissolved in 2.9 ml. of 2 n NaOH and cooled m ice .^^3 ,^d the 

oxychloride and 2.3 ml. of 4 n NaOH were "dded m fom portuo 
mixture shaken vigorously for 25 minutes n ,.o j HCl and the 
traction with ether the aqueous phase was a ^ ..33 

carbobenzoxylysine taken up with ether. » 

evaporation and drying 100-^03^.^ carbobenzoxy-DL-lysine* 

. Carbohenzoxy-i.-Lysine AniMe o • + To this solution 

was dissolved in 1.9 ml. of N NaOH and • pgQt aqueous solution 

were added 0.46 ml. of aniline, 7.1 im. ot a • ^ . fnjjb.O), 16.4 ml. 

of cysteine hydrochloride, 8.2 ml. of citrate u ® 2 ml. of water, and 

of water, 2.5 ml. of a solution of 0.100 gm. 0 p j^gurs, the L-anilide 

2 ml. of citrate buffer. After incubation a pgtassium bicarbonate 

was filtered off and washed once wit P Recrystallized from 

solution and thrice with water. Yield^ 

50 per cent ethanol, it melted at 121—122 . 
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Analysis— Ci^siO^i (4S9.55). Calculated. C 68.70, H 6.38, N 8.59 

Found. “ 68.65, “ 6.65, “ 8.75 

irLy&ine Dihydrochloride * — The anilide was refluxed with 4.5 ml. of 6 : 
HCI for 2 hours. After cooling, the mixture was diluted with 30 ml, c 
water and made alkaline with freshly prepared silver oxide. After tii 
silver chloride and excess silver oxide were filtered off and washed will 
water, the filtrate was extracted with ether. The clear aqueous phase to 
^ concentrated in vacuo to 20 ml., acidified with HCI, and allowed to stani 
'ir 30 minutes with occasional shaking. After filtration the liquid wa 
V aporated to dr 3 mess in vacuo over NaOH and H 2 SO 4 to give a quantita 
tive yield of lysine dihydrochloride, = +15.95°, in water; c = 5.46 

Berg (15) reports rotations from +15.63° to +16.55° for values of cfron 
3.00 to 16.00. 

T>~Lysine Dihydrochloride * — The filtrate (without washings) of th 
L-anilide was incubated with 25 mg. of papain for 5 days at 40°. Aite: 
removdng the precipitated mixed l- and D-ardlides, the filtrate was acidifi® 
with HCI and extracted with ether. 0.243 gm. of carbobenzoxy-D-lysia( 
remained upon evaporation of the solvent. After refluxing with 3.0 ml 
of 6 N HCI for 2 hours, e.xtraction with ether, and evaporation of the aqueou 
phase, 0.130 gm. of D-lysine dihydrochloride was obtained. This to 
recrystallized from ethanol and yielded 99 mg. of purified material. Wb = 
— 13.5°, in water; c = 4.47. The rotation corresponds to approximateb 
92.5 per cent d and 7.5 per cent n form. 


A7wZj/sw-CjHu02Nr2HCl. Calculated. N 12.79, Cl 32.36 

Found. “ 12.44, " 31.82 

The total average yield of l- and D-lysine dihydrochloride obtained n 
several complete runs was 6 per cent, calculated on the KCN used, h 
an experiment in which BaCOs con tainin g 4 millicuries of radioactiwty wa; 
used, 230 mg. of L-lysine dihydrochloride with a specific radioactivity 0 
24,000 counts (corrected) per minute per mg. were obtained. 

All the radioactivity measurements are expressed as counts (correc e J 
per minute. They were obtained with standard sample geometry, an 
corrected for background and resolving time. By means of empirka y 
determined curves of self-absorption loss in different thicknesses of samp a, 
they were corrected to maximum specific activity (16). 

viL-a-Aminoadvpic Acid — DL-a-Aminoadipic acid was prepared by am 
fication of the method of S0rensen (17). 1.228 gm. of chlorobutyr^i 
and 2.060 gm. of diethyl sodium phthalimidomalonate were refluxed m 
bath at 160-165°. After 4 hours the alkaline reaction had disa^^|^^^ 
and the excess nitrile was removed by steam distillation. The rem 


cooled in ice and washed wuth water several times by triturating an 
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ing. It weighed 2.050 gm. after drying. After solution in 12.5 ml. of 
absolute ethanol, it was heated under a reflux on a steam bath with 11 ml. 
' ^^aOH for 3 hours. 16 ml. of concentrated HCl were then added, 
the heating continued for 3 hours, and the solution evaporated on the 
steam bath. The residue was cooled in ice and extracted by repeated 
washing with ice-cold 33 per cent hydrochloric acid. The solution was 
filtered through a coarse fritted glass funnel, and evaporated. The residue, 
weighing 1.206 gm. after drying over H^SO^ and NaOH, was dissolved in 
2.5 ml. of w'ater, filtered into a 10 ml. beaker, and washed with 1.3 ml. of 
water. The aminoadipic acid was precipitated by titrating to pH 3.1 with 
5 N NH^OH. After standing for 4 hours at 22°, it was filtered off and 
washed with a few ml. of water, alcohol, and ether. Yield, 0.629 gm . 
(62 per cent based on diethyl sodium phthalimidomalonate). 

The a-aminoadipic acid was resolved in the same manner as was lysine 
by the carbobenzo.xy-anilide-papain method of Bergmann, 
Carbobenzoxy-DL-a-aminoadipic acid, m.p. 124°. 

fnaIysw-Ci.Hi,OtN (295.2S). Calculated. C 57.28, H 5.82, N 4.75 

Found. “ 57.08, “ 5.84, “ 4.89 

Carbobenzoxy-L-aminoadipic acid anilide, m.p. 170-171°. 

Anali/sia-CjcHjsOiXj (370.39). Calculated. C 64.85, H 5.99, N 7.56 

Found. “ 65.56, “ 6.04, “ 8.30 

The L-a-aminoadipic acid melted at 205° with decomposition. Its spe- 
cific rotation was [a] “ = 4-33.9°, in 6 n HCl; c = 5.49. 

CcHnO<X (161.17). Calculated. C 44.72, H 6.SS, N 8.70 
Found. “ 44.83, “ 6.81, “ 8.65 

Procedure 

_ Guinea pig liver was homogenized in the apparatus of Potter and Elve- 
fijem (18) with a volume of saline solution equal to twice the weight of the 
liver. The composition of the saline solution was as follows: 0.123 Jt NaCl, 
0.0128 M NaoHPO^, 0.005 m KCI, 0.0033 m MgSOj. Unless stated other- 
wise the pH was 7.5. 

The reaction mixture consisted of 2 ml. of homogenate, a sufficient 
quantity of a mixture of amino acids to provide a final concentration of 
1.2 per cent, and 0.01 si a-ketoglutarate. The amino acid nuxture corre- 
sponded approximately to the composition of casein. All of the lysine 
therein contained (10 mg. of the chhydrochloride) was labeled in the 
« position with C*'* (7400 counts (corrected) per mg. per minute). The 
final volume was 4 ml.; KOH was used for the neutralization. 

The reaction mixture was incubated at 38° under oxygen for 6 hours. 
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after which the pH was adjusted to 5.0. The mixture was then placed 
in a boiling water bath for 10 minutes, filtered, the coagulated protein 
thoroughly washed with water, and the washings added to the main filtrate 
The non-protein filtrate thus obtained was concentrated in vacuo. 

Results 

A small fraction of the non-protein filtrate from an experimental rue 
conducted at pH 7.5 was chromatographed on filter paper with phenol anc 
5-collidine, and the paper treated with ninhydrin (19). Two radioactive 
ninhydrin spots were found, one in the position of lysine, the other ol 
glutamic acid. The radioactivity in the latter spot excluded its beinj 
glutamic acid, as the probable mechanism for the conversion of lysine tc 
glutamic acid entails cleavage of the radioactive e-carbon of lysine. It 
seemed lilvety that the substance in question was a-aminoadipic acid, 
C*OOH-(CHo) 3 -CH(NHo)-COOH, derived from lysine. 

Accordingly, a-aminoadipic acid was synthesized and chromatographed 
on filter paper. It gave the same chromatogram as the unkno\vn radio- 
active substance. 

This lead, that the radioactive substance in question might be a-amino- 
adipic acid, was followed. The main portion of the non-protein filtrate, 
from a reaction mixture to which 20 mg. of radioactive L-lysine dihydro- 
chloride had been added, was hydrolyzed by boiling overnight with 20 per 
cent HCl in order to hydrolyze any peptides present. The latter step was 
necessary for satisfactory chromatography on Lloyd’s reagent (20); it 
also converted any of the piperidone of a-aminoadipic acid, which might 
have been formed, to the straight chain. After removal of the HCI by 
distillation, the hydi'olysate was chromatographed on Lloyd's reagenh 
The fraction containing all the amino acids except the bases had about o 
per cent of the radioactivity originally added as lysine. It was concen- 
trated to dryness, extracted with ether, and the residue taken up in water 
and decolorized by boiling with charcoal. The combined filtrate and 
wmshings were evaporated to dryness, taken up in 3 ml. of water, and treated 
with solid Ba(OH )2 until the pH was 6.0. A small amount of radioacthdty 
was in the precipitate; by far the major portion remained in the solution. 
Absolute ethanol was added to the latter to a final concentration of 95 per 
cent. The barium precipitate contained all the radioactivity origina y 
in the solution. The barium was removed with sulfuric acid, the precipita 
tion and resolution repeated three times, and after final removal of tbe 
bariiun the filtrate was concentrated to near dryness. A drop was emo- 
matographed on filter paper. Four ninhydrin spots were obtained; one 

‘ a-Aminoadipic acid like glutamic acid cyclizes. Both forms of both anna 
acids chromatograph alike on filter paper with phenol and s-collidine. 
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in the glutamdc acid region was radioactive, and the other three were in 
the alanine, aspartic acid, and threonine regions. 

Concentrated HCl was added to the main portion of the filtrate and con- 
centrated under a lamp until crystallization set in. About 100 mg. of 
crystals were collected. They gave a total of 630 counts (corrected) per 
minute. The mother liquor was found subsequently to have 7650 counts 
(corrected) per minute. The crystals gave three ninhydrin spots on the 
filter paper chromatogram; one in the glutamic acid region was radioactive, 
and the other two were in the aspartic acid and alanine regions. 

The radioactive spot certainly contained a-aminoadipic acid mixed with 
glutamic acid. We have tried to separate a-aminoadipic and glutamic 
acids by chromatography on filter paper with a number of solvent mix- 
tures; none effected a separation. 

The hydrochloric acid mother liquor was evaporated to dryness and tne 
dry residue dissolved in 0.1 n HCl. Solid Ba(OH )2 was adde unti e 
solution was alkaline to phenolphthalein, and then ethanol to a concen 
tration of 75 per cent. 351 mg. of barium salt were obtained, giving a 
total of 7650 counts (corrected) per minute. The barium was remove 
with H 2 SO 4 , the filtrate concentrated to dryness, and the residue dissolved 
in 0.1 N HCl. The presence of a-aminoadipic acid in it was determmed y 
crystallization after adding to a portion of the solution, 
mately 1650 counts (corrected) per minute, 100 mg. 0 non ° 
a-aminoadipic acid as a carrier. The quantity of carrier was a 
times that of the radioactive form.- 

The solution was brought to pH 3.1 with ammoma then concentr^ed 
slowly at room temperature under a low vacuum. e ethanol 

separated out were washed with a small amount o wa er an ’ 

dried, and their radioactivity determined, recrys ^ 

carried out, in the course of which 80 per cent of t e came 
mote liquor. The specihc acWte of ^ fatter each ch tte 

four crystallizations were consecutively li.o, • > > 

‘ “'kh counts (corrected) are taken as the 
a-aminoadipic acid after addition of 100 mg. o jji the 

rected) or 82 per cent of the radioactivity in e ,, j^^^j^gj-gg^gtion 
a-aminoadipic acid formed from the radioactive ysme 

'This estimate was made as follows. “ q^alenrspecific activity as 

specific activity of 7400 counts -.ng = 9970 counts (corrected).^ A 

a-aminoadipic acid was, therefore (217/loi; A _ „hyO 165 mg. of a-aminoadipic 

total of 1650 counts in the solution would, then, • t)v the carrier would be 

acid derived from the radioactive lysine added. s 

100/0.165 = 606. 


1392 


DEGRADATION OP L-LYSINi: 


adipic acid and hydroxy-a-aminoadipic acid. Neither compound was 
identified with certainty, but there is little room for doubt that they weie 
the amino acids named. The a-aminoadipic acid amoimted to 1.6 per cent 
and the hydroxy-a-aminoadipic acid to 1.0 per cent of the dry weight of 
the organism. 

Neuberger and Sanger (3, 4) have presented evidence that before the 
a-amino group of L-lysine can be attacked by animal tissue enzymes the 
e-amino group must be masked, preferably by acylation. They discussed 
some possible pathivays of the degradation of lysine in vivo. In one of 
them, formation of a-aminoadipic acid is the first step. The latter surmise 
is now substantiated by the evidence presented above. a-Aminoadipic 
acid, as the first (or one of the first) intennediate in the degradation of 
lysine, is in accord with the enzymatic findings of Neuberger and Sanger, 
in that conversion of the e-amino group to a carboxyl group is analogous to 
acylation. It also accounts for the failure of the a-amino nitrogen of 
lysine to participate in. reversible transamination reactions m vico. It 'S 
converted to a-aminoadipic acid before it yields its a-amino nitrogen. 

We have previously reported (27) evidence of the probable formation of 
a-aminoadipic acid from lysine in kidney. 

Mitchell and Houlahan (28) have found that a-aminoadipic acid can 
replace L-lysine in one lysine-requiring Neurospora mutant. The accu- 
mulation of large quantities of a-aminoadipic acid and of hydroxy-a- 
aminoadipic acid in cholera Vibrio points to unusual features of lysmc 
metabolism in that organism which is analogous to those found in mutants 
of microorganisms. 


SUMMARY 

1. The synthesis and resolution of lysine labeled with in the e position 
and the synthesis and resolution of a-aminoadipic acid are described. 

2. a-Aminoadipic acid is fonned from L-lysine in guinea pig liver homo- 
genate. D-Lysine is inactive. ... 

3. Over the pH range 7.5 to 9.0, the reaction is fastest at pH 7.5. Boi n 
destroys the catalytic activity of the homogenate. 

4. a-Aminoadipic acid can be separated from glutamic acid by c oma 
tography on starch. 

The authors were assisted by A. A. Dvorsky, D. Eggarter, H. E. JoSeiyi 
G. Oppenheimer, and A. Tollestrup. 
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THE DEGILyDATION OF a-.yV'IINOADIPIC ACID IN GUINEA 
PIG LIVER HOMOGENATE* 


By henry BORSOOK, CL.VRA L. DEASY, A. J. HAAGEN-SMIT, GEOFFREY 
MDIGHLEY, and PETER H. LOWY 

{From Ihe Kcrckhoff Lahoralories of Biology, California Insiilute of Technology, 

Pasadena) 

(Received for publication, June 21, 1948) 

In continuation of our study of the metabolism of L-lysine, a-amino- 
adipic acid, ■which is formed from lysine in guinea pig li^ver homogenate (1), 
was synthesized with C*'* in the e-position. The metabolism of the latter 
compoimd was followed by search for the radioactive tracer among the 
probable metabolic products. Two have been identified, a-ketoadipic and 
glutaric acids. 

The accompanying diagram (I) indicates one of the pathways of the 
catabolism of lysine. The asterisk indicates the position of the labeled 
carbon. 
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(I) 


PreparcUions 

A summary of the synthesis and resolution of a-aminoa^pic acid laMed 
with C“ in the . position is shown in diagram (H). The radioactive carbons 
are marked with an asterisk. 

* This work is part of that done under contract ^th the Office of Navd ^^ard: 
United States Navy Department. It was reported at the meeting of the American 

Society of Biological Chemists, March Monsanto Chemical Com- 

The used in this investigation was supp y , . • ^ _ allocation from 

pany. Clinton Laboratories, Oak Ridge, Tennessee, and obtained on allocation irom 

the United States Atomic Energy Commission. 
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COOC 2 H 5 

BaC^Oa -> C*02 KC*N -> NG* • CH. • CH- • CH- • Cl NO* • (CH^), • 6 • COOCiHs 

7 -Chlorobutyronitrile N 

0=0 C=0 

\ 

\=/ 

Diethyl (S-oyanopropylphthalimido) malonate 
-> HOOC*- CH 2 • CH. • CHi • CH(NHj) • COOH 
a-Aminoadipio acid 

(ID 

The details of the preparation have been described in a previous com- 
munication (1). 

89.3 mg. of BaC“Oj containing 0.625 millicurie of yielded 0.127 gm. 
of pure L-a-aminoadipic acid, giving 14,450 counts (corrected) per mg. per 
minute. 

cc-Ketoadipic Acid — Diagram (III) is a summary of the s 5 mthesis of 
a-ketoadipic acid. 

HOOC • (CH 2 ), • COOH CsHs • OOC • (CHsla • COO • CjHj 

Glutaric acid Diethyl glutarate 

->CiH5.COO-GO<CH-(CHi)2-COO-C2H5->HOOC-(CH2)i-CO-COOH 

COO-C 2 H, 

' Triethyl 2-oxaloglutarate a-Ketoadipic acid 

(IID 

Diethyl glutarate was prepared by the method of Locquin and Elghozy 
(2), and triethyl 2-oxaloglutarate by the method of Gault (3). The latter 
compound was decarboxylated with HCl. After removal of the HCl 
in vacuo spontaneous crystallization set in. The crude product was puri- 
fied by solution in warm ether and reprecipitation by the addition of an 
equal volume of petroleum ether. The light orange crystals had the fol- 
lowing composition. 

CsHsOs (160.06). M.p. 124°. Calculated, C 44.98, H 5.04; Found, C 45.12, H 5.04 

Procedure 

The preparation of the guinea pig liver homogenate and the saline solu- 
tion are described in a previous co mmuni cation (1). 

In a representative experiment 2 ml. of homogenate containing 0.66 gm- 
of liver (wet weight) and 2 ml. of saline solution containing a nuxture 0 
5 mg. of L-a-aminoadipic acid (14,450) counts (corrected) per minute per 
mg.) and 5 mg. of non-radioactive L-a-aminoadipic acid were adde 



1397 


BORSOOK, DEASY, UAAGEN-SRIIT, KEIGHLEY, AND LOWY 

each of four 20 ml. beakers. Two were immediately brought to pH 5.0 
and boiled for 10 minutes, the coagulated protein extracted with water, 
and the non-protein filtrates and washings combined. The other two 
beakers were incubated at pH 7.4 under oxygen at 38° for 6 hours, then 
deproteinized by boiling at pH 5.0, and their non-protein filtrates combined. 

Results 

The non-protein filtrates were cleared by boiling with charcoal, acidified 
with hydrochloric acid to a concentration of 0.1 n, and then extracted with 
ether. After the ether was evaporated, the residue was taken up in 3 mL 
of water; 100 mg. of non-radioactive a-ketoadipic acid and 91 mg. of 
phenylhydrazine hydrochloride dissolved in 2 ml. of water were added. 
The oil, a-ketoadipic acid phenylhydrazone, which settled out first, crys- 
tallized in 2 hours. The recrystallization procedure was as follows: 2 ml. 


Table I 

Specific Radioaclivily of a-Ketoadipic Acid Phenylhydrazone 
after Successive Recrystallizations 


No. of ciystallizations 

Counts (corrected) per mg. per min. of phenylhydrazone from 

Reaction mixture at zero time 

Reaction mixture after 6 brs, 
incubation 

1 

1.8 

10.1 

2 

1.0 

3.1 

3 

0 

2.7 

4 

0 

2.6 

5 

0 

2.7 

6 

0 

2.8 


of water were added to the crystals, and the suspension brought to boil and 
then treated with ethanol dropwise until all the crystals dissolved. The 
solution was then cooled, the crystals collected, and their specific radio- 
activity determined. 

Table I gives the specific radioactivities of the phenylhydrazone samples 
obtained from the reaction mixtures at zero tune and after 6 hours incuba- 
tion. The figures show that by the second recrystallization all the radio- 
activity had been removed from the phenylhydrazone obtained from the 
zero time reaction mixture, and that constant specific activity had been 
attained in the case of the phenylhydrazone obtained after 6 hours incuba- 
tion. The counts in the first and second crystalhzations probably arose 
from a-aminoadipic acid, and, in the case of the 6 hour reaction mixture, 
also from glutaric acid arising from degradation of the a-ketoadipic acid 
formed from the added a-aminoadipic acid. 
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The melting point of the radioactive phenylhydrazone after the fifth 
crystallization was 141-142°, and of a mixture with an authentic sample 
141-142°. Gault (3) reported the melting point as 141°. After the final 
recrystallization, 15 mg. of the phenylhydrazone remained. 90 per cent 
of the added a-ketoadipic acid was, therefore, left in the mother liquors. 

These data prove that the a-aminoadipic acid was o.xidatively deaminized 
to a-ketoadipic acid. 

The rate of formation of a-ketoadipic acid from a-aminoadipic acid can 
be calculated from the value of the constant specific activity of the 
a-ketoadipic acid phenylhydrazone obtained from the reaction mixture 
incubated for 6 hours. The specific activity of the phenylhydrazone was 
2.7 counts (corrected) per mg. per minute. 100 mg. of a-ketoadipic acid, 
~ 1 'Valent to 156.3 mg. of its phenylhydrazone, were added as a carrier, 
'he weight of the radioactive form being neglected, the total a-ketoadipic 


Table II 

Specific Radioacilivity of Barium Gluiarale {Dried at 100°) after 
Successive Reprecipitations 


No. of precipitations 

Counts (corrected) pet mg. per min. of barium glutarate front 

Reaction mixture at zero time 

Reaction mixture after 6 hrs. 
incubation 

1 

0 

1.50 

2 

0 

1.33 

3 


1.30 

4 


0.95 

5 


1.01 

6 


1.01 


acid in the solution contained 156.3 X 2.7 = 422 counts (corrected). 
144,500 counts (corrected) were added originally as 20 mg. of a-aminoadipic 
acid. ,0.29 per cent of the latter was found as the keto acid, or 0.058 mg. 
Expressed as a Q value, ^ this rate is 0.005. It is about one-twelfth that of 
the formation of a-aminoadipic acid from L-lysine (1). 

In another experiment similar to the preceding, the non-protein filtrate 
was examined for evidence of formation of glutaric acid. The procedure 
was the same as before to the stage after evaporation of the ethereal extract 
of the non-protein filtrate. 100 mg. of non-radioactive glutaric acid were 
added as a carrier in the subsequent crystallization. The mixture w^ 
taken up in 3 ml. of water and treated with saturated barium hydroxi e 

* Q is the rate of change of the substance in question e.xpressed as if it were a 8®^ ' 
c.mm., at standard temperature and pressure, per mg. of dry weight of tissue use 
hour. 
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lOmi”,;/?-’" -^'0 precipitation occurtnd, 

'’.“i T . “*“• The precipitate of barinm 

, S utaralc pcntahydralo was lillorod off. 90 per cent of the water of hydra- 
tion was driven off by drying at 100", and the specific radioactivity of the 
compound was detemiiucd. 

The s^ution in water and precipitation with ethanol were repeated five 
times. Table II gives the specific radioactivities of the barium glutarate 
samp es obtained as above from the reaction nuxtures at zero time and after 
ours incubation. ^Uter the final reprecipitation 30 mg. of barium salt 
pentahydrate) remained, corresponding to 11 per cent of the original 
glutanc acid added. 

Analysis of the radioactive barium salt after the last precipitation gave, 
on M anhydrous basis, 51.3 per cent of barium (calculated, 51.4 per cent), 
hese data prove that glutaric acid rvas one of the products formed in 
e iver homogenate from the added a-aminoadipic acid. There can be 
itt e doubt that a-ketoadipic acid was formed first, and that the glutaric 
acid arose by its oxidative decarboxylation. 

The calculation of the rate of formation of glutaric acid from the added 
a-aminoadipic acid is as follows: the final constant specific activity of the 
ariutn glutarate was 1.0 count (corrected) per mg. per minute; 100 mg. of 
® equivalent to 202.5 mg. of anhydrous barium glutarate, were 

a aea as carrier; the glutaric acid formed from the added a-aminoadipic 
acid contained, therefore, 202 counts (corrected) per minute; 144,500 counts 
^ere contained in the a-aminoadipic acid; 0.14 per cent of the latter was, 
t erefore, found as glutaric acid. The Q value is 0.0024. 

Of the two successive o.xidative steps in the degradation of a-aminoadipic 
acid, deamination followed by decarboxylation, the latter is probably the 
raster. 0.43 per cent of the added a-aminoadipic acid was found in the 
above two degradation products. This figure represents the rate of its 
eamination. The corresponding rate of decarboxylation was 0.14/0.43 
or 33 per cent. 


SUAEIIARY 


The synthesis of a-ketoadipic acid is described 
2. In — • . - .... 


1 


• In guinea pig liver homogenate a-aminoadipic acid is oxidatively 
deaminized to a-ketoadipic acid and the latter is o.xidatively decarbo.xylated 
“ glutaric acid. 


3. The deamination of a-aminoadipic acid is much slower than its forma- 
ion from L-lysine. The decarboxylation of a-ketoadipic acid is faster than 
e deanunation of a-aminoadipic acid. 

d. The foregoing evidence was obtained with the use of lysine and of 
“ aminoadipic acid labeled with in the e position. 
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The elementary analyses were carried out by Dr. G. Oppenheimer. 
The authors were assisted in this work by A. A. Dvorsky, D. Eggarter, 

H. E. Jeffery, and A. Tollestrup. 
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The publications on Kjeldahl’s method for determining nitrogen that 
have appeared since Kjeldahl’s (1) original paper in 1883 perhaps out- 
number those on any other analytical method in the same period of timed 
The diversity of papers is attributable to the immense usefulness of the 
method, to its need for modifications for applications to various types of 
organic and inorganic compounds, and to the search for catalysts to provide 
such modifications and to accelerate the digestion. Kjeldahl himself used 
a digestion mixture of sulfuric and phosphoric acids which he found was 
adequate for many organic substances. For alkaloids, however, he found 
the addition of an oxidizing agent necessary and added potassium per- 
manganate crystals to the hot concentrated digest. 

The substances that have been added to the sulfuric acid digest may be 
divided into three classes: (1) Potassium sulfate to increase the boiling 
point and thereby accelerate the digestion process. (2) Oxidizing agents. 
The requirement for these is that they must assist the digestion of organic 
compounds without destroying any of the ammonia formed. erman 
ganate was thus used by Kjeldahl. At present the oxidizing agents in most 
general use are hydrogen peroxide and potassium peisulfate. ( ) i e a ic 
catalysts and other substances that act as acceleiators.^ osp one aci 
employed by Kjeldahl is such an accelerator; although its boiling point is 
lower than that of concentrated sulfuric acid, the presence o p osp one 
acid makes digestion go faster. Phosphoric acid has the disadvantage of 
etching the digestion flask. The metallic catalysts used to accelerate diges- 
tion include mercuiy, copper, and selenium. 

’The early history of the Kjeldahl Bwefatreet (4^) 

presented by Vickery (2), and reviews by Friedrich (3) 

in 1940 give bibliographies. 
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Potassium sulfate to accelerate the digestion by raising the boiling poiat 
was introduced by Gunning (5) in 1889. Mercury was introduced by 
Wilfarth (6) in 1885. Arnold (7) in 1886 used suhuric acid Mth both 
copper and mercury as catalysts. The Gunning- Arnold procedure was thus 
named by Arnold and Wedemeyer (8) who recommended a digestion mk- 
ture containing both'the potassium sulfate introduced by Gunning and 
the copper and mercury introduced by Arnold. In this country the so 
called Gunning-Arnold method used as a standard macro-Kj eldahl procedure 
for several decades has employed a mixture of sulfuric acid, copper sulfate, 
and potassium sulfate, ^vith or without mercury. 

In testing the various modifications of the Kj eldahl method for pure 
organic substances the results have co mm only been compared with the 
theoretical nitrogen contents of the substances or mth the values obtained 
by the classic Dumas combustion. In appljdng the various Kjeldahl pro- 
cedures to protein material, how'ever, theoretical nitrogen values are not 
available and in most instances Dumas combustions have not been used 
for comparison, the criterion for satisfactory results being comparison with 
maximum nitrogen values obtained by other Kjeldahl procedures taken as 
standards. 

The work in the present paper grew out of the observation that when 
dried preparations of plasma proteins were analyzed for nitrogen by the 
Campbell-Hanna (9) Kjeldahl procedure, in which a mixture of sulfuric 
and phosphoric acids with copper and selenium as catalysts is employed 
and digestion is continued for 12 minutes after clearing, results were several 
per cent lower than by the Dumas dry combustion. A survey of various 
digestion mixtures, including metallic catalysts, persulfate, and peroxide, 
resulted in the conclusion that none of the catalysts that have hitherto 
been used except mercury would give within a reasonable period of time 
a nitrogen yield from proteins equal to that of the Dumas combustion. 

Presumably the reason why mercury has been little used in routiuo 
macro- or micro-Kjeldahl procedures in current use is the added step lo 
the analysis made necessary by the fact that when allcali is added to a 
mercury-containing solution of ammonia, as a preliminary to disti ation 
of the ammonia, a considerable fraction of the ammonia is bound by 
mercuric oxide precipitated and cannot be liberated by boiling. 
vent low results from this cause it has been customary to add either a su 6) 
or thiosulfate, which liberates sulfide, in order to precipitate the mere 
The addition of sulfide to the acid solution of digest causes an unp 
evolution of hydrogen sulfide, and the heavy precipitate of mercuric s^^^ 
fide increases the tendency to bumping during digestion. These 
ant features can be avoided by the use of zinc dust to reduce the mer 
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OMcle to metallic mercury during the distillation. This device was intro- 
■,uced in 1S92 by Bcittcher (10) and was used by Arnold and Wedemeyer 
8), but apparently has since been overlooked. The zinc dust not only 
educes the mercuric oxide to metallic mercury but also, by providing an 
volution of fine bubbles of hydrogen gas, causes the boiling during diges- 
ion to proceed very smoothly and with minimum danger of bumping. 

Sorensen and Andersen (11) studied the application of the Kjeldahl pro- 
edure to lysine and found that addition of mercury to the digest was neces- 
ary for accurate results. They concluded that any Kjeldahl procedure 
ipplied to proteins or their derivatives should be checked by comparison 
vith the Gunning-Arnold method. Miller and Houghton (12) confirmed 
he necessity of mercury in analysis of lysine. Pregl and Roth (13) lecom- 
nended the use of mercury in analyses of protein material, but did not 
imphasize the necessitj’’ of the addition. 

In the present paper details of a procedure are given for use of a mercury- 
iontaining digest with three types of Kjeldahl analyses: (1) macroana yses, 
[2) microanalyses with distillation and titration of the ammonia, an ( 
nicroanalyses with gasometric determination of the ammonia by t e ypo 

aromite reaction.- , , 

For determination of the ammonia in the distillate in the macromethod 
i\’e have found the procedure of Meeker and Wagner (14) advantageous, 
Jompared with the older method of collecting the distilled ammonia in a 
solution of excess standard acid and titrating back the excess wit ® ^ 
alkah. In the Meeker and Wagner procedure the ammonia is distilled into 
boric acid solution and is titrated by adding standard sulfuric aci o e 
distillate until the pH is lowered to that of a control standar wi one 
acid alone. This procedure eliminates the necessity of using ® ^ ^ 
alkali. For titrations in the micromethod, however, we have 
routine analyses are more accurate when the older proce ure ® ii-lir 
into excess standard acid is employed, with back titration wi a ' 
For the small amounts of ammonia present in the microana yses , • 

cedure gives a sharper end-point than the titration in the presence o 
acid. In the gasometric micromethod the hypobromite 
ammonia described by Van Slyke and Kugel (15) is employe , e me ’ 
being first removed by boiling for a moment with zinc dust. 


* A photometric microprocedure, in which, the same diges by 

3 been employed by Dr. Howard Eder in this laboratory an wi . 

nlater. After digestion the acid digest is diluted and trea e onrl the am- 

NaiS. The excess HjS is removed by boiling for a nunu e or , 

)ma is determined by nesslerizing an aliquot of the clear superna 
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METHODS 

Macro-Kjeldahl 
Special Apparatus Required 
A still with glass condenser tubes.* 

Glass spoons to measure 10 gm. of K2SO4 and 2 gm. of zinc dust. These 
spoons are of the type used by Van Slyke and Folch ((17) Fig. 4) and de- 
scribed in detail by Van Slyke, Hiller, Weisiger, and Cruz (18). 


Reagents 

Powdered potassium sulfate, ammonia-free. 

Mercuric sulfate solution. Dilute 12 ml. of concentrated H2SO4 to 100 
ml. with water, and dissolve 10 gm. of red mercuric oxide in this solution. 
Concentrated sulfuric acid, c.p. 

Zinc dust (not granulated zinc), ammonia-free. 

Concentrated sodium hydroxide solution, approximately 18 n. 

Boric acid, 4 per cent solution. 

Sulfuric acid, n/ 14 solution. 

Indicator. The mixed indicator described by Meeker and Wagner (14) 
or a 0.1 per cent solution of brom-cresol green in 95 per cent ethyl alcohol. 


Procedure 


Into 500 ml. Kjeldahl flasks measure the samples to be analyzed, add to 
each 10 gm. of potassium sulfate, 10 ml. of the mercuric sulfate solution, 
and 20 ml. of concentrated sulfuric acid. Digest over a low flame until 
frothing ceases and water has been driven off, then with “subboiling 
{i.e., heating just under the boiling point, so that there is an occasiona 
slight ebullition, as originally recommended by Kjeldahl (1)), which is con- 
tinued for 2 hours after clearing. Cool, add 250 ml. of water, and aftw 
cooling add 2 gm. of zinc dust and 50 ml. of 18 N NaOH. Distil into 5 
ml. receivers, each containing 50 ml. of 4 per cent boric acid. After 10 or 
15 minutes distillation all the mercuric oxide is reduced to metallic mercurj , 
which amalgamates with the zinc, and the solutions become clear. ^ 
tillation is continued until about 200 ml. of distillate are collected, or s ig 
bumping begins. , 

For titration of the ammonia in the distillate add either 5 drops 0 6 

mixed indicator of Meeker and Wagner (14) or 0.3 ml. of 0.1 per cent a co 


’ Some of the metallic mercury formed by action of the zinc distils into ® , 

densers, and, if the condensing tubes are of block tin, they are ®''®'*tually 
by amalgamation with the mercury. The importance of using glass con 
place of the usual metal condensers in Kjeldahl stills, when mercurj r® ^ 
form during distillation, has been pointed out by Andersen and Jensen t 
very thorough paper on the Kjeldahl method. 
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holic brom-cresol greeu solution and titrate with the n-/14 sulfuric acid tiU 
he color matches that of a control flask. The control is preparX meJf 

^olufioXd^'^^ indicator 

Mlamig ardistilhte ■“ 

Blank analyses are performed with all the reagents used. 


Calculation 


T — B = mg. N in sample analyzed 

r indicates the ml. of .v/U ESO, used in titration of the distillate, B the 
ml. used m titrating the blank. 


Titrimelric M icro-Kjeldahl 


Apparatus 

Glass spoons to measure 0.5 gm. of KoSO^ and 0.2 gm. of zinc dust ((17) 
•ig-4;(18)). 


h deliver KsSO} into the bottom of the digestion tube. This 

^ 0 have a stem 12 cm. long and 1 cm. in diameter. It can be made 

^ glass tubing by flaring one end into a funnel, 
test-tubes of Pyrex glass, 22 to 25 by 200 mm. for digestion, 
r enmeyer flasks of 125 ml. capacity, to serve as receivers. 

Purette, 10 ml. calibrated. 

CaHbrated pipettes, 1, 2, 5, and 10 ml. 

Micro digestion rack. 

Apparatus for steam distillation of ammonia from the digests.^ 


Reagents 

The KiSOi, concentrated HiSOi, mercuric sulfate solution, and eitic dust, 
scribed for the macroanalysis. 

A convenient micro steam distillation apparatus is the type described b%- Parnas 
Wagner (13, ig) Jn ^hich the contents of the distilling flask are removed auto- 
■^ically by suction at the end of each distillation, and in which no burner is used 
er the distilling flask. The distilling flask devised by Parnas and Wagner (13, 
^ described in the catalogues of the laboratory supply companies is good, except 
■t m the round bottomed distilling flask the end of the bent inner tube is placed 
lut 0.5 cm. too high to remove the solid particles by suction when zinc dust is 
d. The end of the inner tube should approach that section of the rounded por- 
1 of the flask which is the bottom when placed at the angle used for distillation. 
i ideal flask for use with zinc dust is one in which the bottom is cone-shaped, 
h a straight (unbent) steam inlet ending within a few mm. of the bottom. Dis- 
ng flasks having these requirements for use with zinc dust were supplied bt- E. 
ihlett and Son, 220 East 23rd Street, New York. The condenser should be of 
s, not metal, when mercuric sulfate is used as catah'St. 
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Alunduin chips, black (Norton’s No. 14). • 

Sodium hydroxide, approximately 10 N solution. Dissolve 400 gm. of 
NaOH in water and dilute to 1 liter. 

Standard 71. A tnn ammonium chloride solution, to be used for checkmg 
the micro-Kjeldahl procedure. Dissolve 0.382 gm. of NH4CI, sublimed 
“analytical reagent” grade, in water, and dilute to 100 ml. 1 ml. contains 
1 mg. of nitrogen. 

Acetate buffer with pH 5, 0.2 11. To 1 liter of 0.2 m sodium acetate (27.22 
gm. of NaCjHsOo-SHjO per liter) add 427 ml. of 0.2 n acetic acid (stand- 
ardized by titration against 0.1 N NaOH with phenolphthalein indicator). 

Alizarin red indicator solution, 0.1 per cent in water. 

Control flask for titration end-point. Measure into a 125 ml. Erlenmeyer 
flask 7 ml. of the 0.2 11 acetate buffer, 63 ml. of distilled water, and 0.8 ml. 
of 0.1 per cent alizarin red indicator solution. This control flask should be 
made up fresh at least every 3 days, or oftener if molds grow in the solution. 

0.014^8 N (.v/70) made by dilution of standard 1 n or 0.1 N 

HiSO-i (14.28 or 142.8 ml. respectively to 1 liter). 

0.01428 {n/ 70) NaOH solution. The solution is kept in a heavily paraf- 
fined bottle protected against atmospheric CO2 by a soda lime tube. The 
solution is standardized daily by titration against 10 ml. portions of the 
0.01428 N H2SO4 with the same pH and volume at the end-point described 
helow for titration of distilled ammonia. 

Procedure for Titrimeiric Microanalysis 

Digestion — Into Pyrex glass tubes 22 to 25 by 200 mm. measure 0.5 gm- 
of K2SO4. (For the determination of albumin in a filtrate when the globulin 
has been precipitated with sodium sulfate, no K2SO4 need be added.) 
Samples containing 0.2 to 2 mg. of nitrogen are added, followed by 0.5 ml- 
of the mercuric sulfate solution, 1 ml. of concentrated sulfuric acid, 
and three or four pieces of alundum. The mixture is boiled gently 
over a micro burner until the water is boiled off ; then the flame is increase 
slightly' so that the concentrated digest is constantly boiling Mth slig ^ 
motion. When entirely clear, gentle boiling is continued for 30 minute- 
As soon as the tubes are sufficiently cool, about 2 minutes, but before t e 
contents solidify, wash down the sides of the tubes with 3 ml. of water. 

Distillation — Each distilling apparatus should he tested for the vo ^ 
of distillate required under the conditions used for distillation, to give 
oretical results with a standard ammonium chloride solution. 

Before each series of distillations the distilling apparatus is steame 0^^ 
for 30 minutes. Before each digest is transferred from the digestion u ^ 
to the distilling flask, the lip of the digestion tube is greased light y 
little vaseline to avoid loss during transfer and washing. The con e 
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the tube are washed into the distilling flask with four portions of 1.5 to 2 
ml. each of water. The sides of the tube are rinsed down with each portion. 
While the third washing is in the funnel of the Parnas distilling apparatus, 
add to it, in the funnel, 0.2 gm. of zinc dust. Deliver the mixture of wash- 
ing and zinc dust into the distilling flask and follow it with the 
washing. Deliver 5 ml. of 10 n NaOH into the distilling flask and distil 
into 10 ml. of 0.0142S n HsSOa with the tip of the condenser below the sur- 
face of the acid. Distil a volume found to be requiied by the test wi 
standard ammonium chloride solution as described above, then ower e 
receiving flask so that the tip of the condenser is above the surface of the 
acid, and distil 1 minute longer. Wash the tip of the condenser into the 

flask with a few drops of water. . , . i. 

Titration— To each distillate add 0.8 ml. of 0.1 per cent ahzarm red in i- 

cator solution and titrate with 0.01428 N NaOH fiom a rn . ure e 
the color matches that of the acetate buffer solution in e con ro 
The final volume should approximate that in the contio as . , , . 

Blank analyses should be done frequently; the entire procedure should 

be followed through. 

Calculation 

Mg. N in sample analyzed = 0.2 (B - T) 

B = ml. of 0.01428 n NaOH required in the back 
"T = ml. of 0.01428 N NaOH required in the titration of 

Gasometric Micro-Kjeldahl 
Apparatus 

The Vim Slyke-Neill manometrio apparatus (20, 21)- 

The glass spoomjumel, and Pyrex digestion tubes desenbed tor 

metric microanalysis. 

Reagents 

The KJiO„ coneenlrated HrSO* mercuric sulfate solution, and cine dust. 

described for the macroanalysis. 

Alundum chips, black (Norton’s No. 14). 

Hydrochloric add, approximately concentrated HoSOi di- 

Sulfuric acid, approximately 3.5 n (10 
luted to 1 liter with water). 

Brom-thymol blue, 0.4 per cent. 

Sodium hydroxide, approximately 10 n. water. 2.5 

Bromine solution. 60 gm. of KBv are dissolved in lOU mi 

ml. of bromine are dissolved in the KBr so u ion 
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Procedure 

Digestion — Digestion is carried out as described for the micro titrimetric 
procedure. 

Treatment of Digest — After cooling the digest for 2 minutes, 3 ml. of water 
and 0.2 gm. of zinc dust are added, and the contents of the digestion tube 
are heated till they begin to boil, to accelerate amalgamation of zinc and 
mercury. The mixture is then cooled, a drop of 0.4 per cent brom- 
thymol blue is added, and the solution is neutralized, as described by \'an 
Slyke (22), by adding from a pipette 10 n sodium hydroxide, a drop at a 
time, with occasional cooling of the tube in cold water. Addition of aM 
is continued until the m ixture becomes alkaline to the indicator. 3.5 J 
sulfuric acid is then dropped in until the color just changes back to acid, 
in order to prevent loss of ammonia during subsequent deaeration. 

Transfer of Digest to Van Slyke-Neill Chamber— The digest solution, inter 
the above treatment, is decanted into the cup of the Van Slyke-Neill b oo 
gas apparatus and the volume is noted. The solution is then dravTi oM 
into the chamber. Into a graduated pipette is drawn enough 0.01 n ^ 
to make the total volume of the solution up to 10 or 11 ml., and this is 
used in three portions to rinse into the gas apparatus the drops of so u ion 
adherent to the walls of the digestion tube and to the zinc-mercury ama ga® 
in the bottom of the tube. Each portion is used to rinse the wa o 6 
digestion tube, then the walls of the cup of the gas apparatus, and is on 

drawn down into the chamber. k h i' 

Gasomeirie Determination of Ammonia — ^The cock of the gas c ^ 

sealed with a drop of mercury, the chamber is evacuated, and is s a'cn 
minutes to extract the air from the solution. The extracted air u e 
ejected. The extraction is repeated, and the slight air bubble o 
ejected.5 Then 1 .25 ml. of 10 n NaOH are placed in the cup of the > 

and 0.75 ml. of the bromine solution is added and mixed with t ® ^ 

1.5 ml. of the mixture are run into the chamber, and the cock is sea e 
mercury. The chamber is then evacuated and shaken 3 minutes. 

Measuranent of Evolved N 2 — ^The gas volume is reduced to 2 m . 
reading, pi mm., on the manometer is noted, together with Js 

The gas is then ejected from the chamber, the meniscus of t e so 
lowered to the 2 ml. mark, and ps is read on the manometer. 

5 If the 10 X XaOH used to neutralize the digest has been at tbh 

large amount of atmospheric CO:, the gas extracted from the diges s ^ 
point will contain more CO: than air, and the second extraction wi joes not 

large bubble, almost entirely CO:. A large bubble on the secon e.x Ijjg air 

indicate the necessity for a third extraction; the two extrac the 

completely, and anj- CO: that remains in the solution does no con strong'!' 

evolved by the hypobromite reaction, since the latter is came 
alkaline solution. 



A. UILLER, J. PLAZIX, AND D. D. VAN SLYKE 


1409 


Blank determinations arc performed with the entire procedure. 
Calculations are made as described by Van Slyke (22) from the table of 
factors on p. 242 of his paper (22). 

EXPERIMENTAL 

Preparation and Analysis of Total Protein Prepared from Plasma 

Total proteins were prepared from two different lots of Lyovac (lyophi- 
lized pooled normal human plasma of Sharp and Dohme) and from fresh 

dog plasma. Of the Lyovac, 2 gm. were dissolved in 50 ml. of water. Dog 

plasma was obtained from freshly drawn dog blood, with potassium oxalate 
as anticoagulant. Since the nitrogen values obtained are used to estimate 
the factor by which the nitrogen of normal human and dog plasma proteins 
is multiplied to calculate the protein, the purification of the proteins is out- 
lined in some detail. 


Lipides were removed by treatment with alcohol and ether. To M ml. of the 

Lyovac solution, or to 20 ml. of dog plasma to which 30 ml. of water a een ^ ^ » 

225 ml. of absolute alcohol, then 225ml. of ethyl etherwere added with shaking. After 
mixing well, the mixture was allowed to stand for 2 hours unti^ t e superna an 
was clear. About 300 ml. of the clear supernatant fluid were sip one ° • , . 

cipitate, with the remainder of the supernatant, was transferre ° ^ maa 

fuge bottle, centrifuged, and the supernatant fluid decante o • f -u-oiy+e 

washed once with 200 ml. of a mixture of 1 part of water to . par s ® ® , , 

alcohol and ether. After thorough mixing with a footed rod, it 
'decanted. The residue was washed twice with 200 ml. por ions o . . - 

in the same manner. The last traces of ether were removed from the residue in the 

centrifuge bottle by running a gentle current of air over the , HotTden 

Mineral salts were removed by the procedure descri e y ° ofwater°the 

(23). The finely powdered residue was completely isso ve i , b j 

pH adjusted to 5.0 to 5.2 with 0.1 n acetic acid, and the 

water bath for 1 hour. After cooling to room tempera ure, residue was 

fuged, and the supernatant solution was removed by ecan a i . portions 

washed eight times with 150 ml. portions of boiling wa er, wi , ether The 
of absolute alcohol, and three times with 150 ml. portions o "^^roim ejher. 

last traces of ether were removed from the residue by a gen ® large watch- 

The finely powdered residue was spread on hardened filter paper on a large watcU^ 

glass and airlied by placing in a well 

Btant humidity of 30 per cent. After 40 hours the pr p 
mixed and allowed to equilibrate for 24 hours longe , 
constant weight. 

Samples for all analyses were taken in closed deter- 

the preparations had been air- Jied “„g/^as^deterniined by 

mined by the micromethod of Pregl y ^^“ording to the procedure 

the micro-Dumas procedure, by macro-L-ield (O') modified 

here described, and by the procedure of Canrpbel! and Hanna (9). mod, bed 
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by continuing the digestion for 2 hours nf ^ ^ 

digestoleared.* Moistureoonteatwr“*termS f/g T 

at 102° to constant a n Seating m an air oven 

bo.deterr2?,TLtrH^ 




as 


error 


Table I 

'’r““ W P..W 

and from Fresh Dog Plasma 


■Analysis 


Ash 

Moisture 

Carbon* 

Hydrogent* 

Nitrogen* 


Procedure used for analysis 


Source of total plasma protein 
preparation 


Fresh dog 
plasma 


Combustion 


per cent of 
dry weight 


Dumas 

Macro-Kjeldahl with Hg 
Campbell and Hanna method 
with Se (9) 


^ ^ protein 

actor for macro-Kjeldahl with Hg 

catalyst 


O.U 

11.78 

53.25 

6.97 

16.38 

16.33 

15.90 


Dried 
pooled 
iiuman 
plasma, I 


per cent of 
dry weight 


Dried 
pooled 
human 
plasma, II 


j Average 
forimmaa 
plasma 


per cent of \ 
dry weight 


6.12 


0 

9.84 

53.57 

7.05 

15.96 

16.07 

15.42 


0.31 

9.37 

53.25 

7.15 

16.08 

16.04 


6.22 


53.41 

7.10 

16.02 

16.06 


6.24 


6.23 


* Corrected for moisture and ash content. 

orrec e hydrogen in HoQ content of preparations. 

^Qalyses. Macro-Kjeldahl analyses by the procedure of 
p e an anna (9) even when digestion was prolonged for 2 hours 

n er c eanng, gave only 97 per cent of the nitrogen determined by the 
Dumas method. 


Recovenj of Ammonia by Macro Distillation in Presence of Mercury 
As controls for various procedures 10 ml. portions of 1 per cent solution • 
o ammomum sulfate or 20 ml. of ai/14 ammonium chloride solution were 

„ mixture of Campbell and Hanna is made by dissolving 10 gm- A 

^ j selenium oxide in a mixture of 250 ml. of syrupy APOi 

an ml. of concentrated H-SOi. Of this, 20 ml. are used for each niacroanaly=*3. 
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diluted with water and distilled, after addition of 5 ml. of 18 n NaOH, into 
50 ml. of 4 per cent boric acid, and titrated with n/14 sulfuric acid. The 
amounts of ammonia titrated in the distillates were taken as ‘TOO per cent, 
for comparison with the amounts of ammonia obtained when mercuiy and 
I other reagents were added. Distillations of ammonium sulfate or ammo- 
nium chloride were then performed in the presence of K2SO4, H2SO4, and 
HgO in the amounts used in the macroprocedure described, with addition 


Table II 


Recoiery of Ammonia in Macro DistiUalion of Ammonium Salts in Presence of H^SOv 
K..SO4, HgSO„ and IS y^^aOH, with Various Procedures for Preventing 

Retention of Ammonia by HgO 


Substance distilled 

Xo. of 
determina* 
tions 

Procedure (or treating mercury 

Ammonium 
distillate, 
mean yield 




per cent 

(NH4).S04 

(( 

u 

a 

NH 4 C 1 

3 

3 

3 

2 

7 

25 ml. 4% KjS added to acid mixture before 

2.5^gm.^olid NaeSeOs- SHgO added after NaOH 
,, g « << “ “ before 

5% Na2S20j-5H20 dissolved with NaOH 

2 gm. zinc dust added before NaOH 

98 2 

98.0 

99.7 

99.4 

100.0 


of potassium sulfide, sodium thiosulfate, or zinc dust to pre\ 
of ammonia by the mercuric oxide. The results are s own in 

Effect of Digestion Rale and Time on Macro-KjeldaU Procedure 

2 ml. samples of plasma were analyzed by the 3 ^ 

described in this paper. When plasma was ^'Sested with rap 1^ 
that clearing „„„Led in 15 to 18 — 

0.5 and 1 hour after clearing, the results were 9 . throughout 

■ by the procedure as described, in which “subboihng was used ‘bw ^ ■ 

and was coutiuued for 2 hours 

boiling” the preclearing period was 30 to 92 m obtained even 

period required 50 to 92 1^33 than 2 hours. Digestion 

when the postclearing time was shortened ^ ^ 2 

prolonged more than 2 hours after clean g o , Qyj.°dj„estion were twice 
hour period. The blank determinations for 
ns high as those for the 2 hour digestion. 

III. 
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Table III 


Analyses of S Ml. Samples of Plasma for Total Nitrogen by Present Macro-Kjeldabl 
Proeedure, Varying Digestion Rate and Time 


Digestion before clearing 

Digestion after clearing 

Total 

diges- 

tion 

time 

N 

found 

Average 
N found 

Per cent of diges- 
tion by subboilisg 
with 30 min. to 
dear and 2 hrs. 
after dearicg 

Time 

Conditions 

Time 

Conditions 

viin. 


hts. 


hrs. 

nig. 

mg. 


15-18 

Boiling 

0.5 

Boiling 

0.75 

21.07 








21.07 








21.35 

21.14 

99.2 

15-18 

U 

1 

It 

1.25 

21.29 








21.24 








20.80 

21.11 

99.0 

50 

Subboiling 

0.5 

Subboiling 

1.25 

21.43 




1 




21.39 




1 

j 



21.43 




1 




21.21 

21.37 

100.2 

92 

11 ' 

0.5 

<t 

2 

21.36 







1 

21.07 

1 







21.15 






i 


21.46 

21.26 

09.7 

92 

(( 

1 

It 

2.5 

21.38 


I 






21.40 1 








21.38 

21.39 

100.3 

30 

(( 

1 

1 << 

1.5 

! 21.07 





1 



21.07 








21.02 








21.15 

21.08 

98.9 

30 

11 

2 

It 

2.5 

21.23 








21.33 








21.34 








21.36 

21.32 

100.0 

30 

11 

4 

t< 

4.5 

21.31 








21.17 








21.01 








21.37 

21.22 

99.5 

30 

It 

8 

tf 

8.5 

21.14 








21.49 








21.34 


100.0 






21.28 

21.31 


Effect of Seleiiiutn in Addition to Mercury Catalyst in Macro-Kjeld(A^ 

Procedure 

Dog plasma was analyzed by the macroprocedure as desci'ibed, ■ndth mer^ 
cury as catalyst, and by the same procedure with addition of O.lo g®- 
selenium powder. 
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It appears from Table IV that selenium and mercury together give di<^es- 
tioa not significantly more rapid or complete than mercury alone^ 

Comvanson of Methods for Delerminalion of Total Nitrogen of Plasma 
hy Various Macro-Kjeldahl Procedures 

An approximately 7 per cent solution of Lyovac (lyophiUzed pooled 
human plasma, Sharp and Dohme), two pooled dog plasmas, and a pooled 
human plasma were digested by the method described in this paper with 
mercury as catalyst, and by the procedure of Campbell and Hanna (9) with 
ean u as catalysts. In distillation of the digests containing mercury, 
losulfate was used instead of zinc dust, as these analyses were done before 


T.A.BLE IV 

Total Kilrogeii Of Plasma by Macro-Kjeldahl with Mercury As Catalyst with and with- 
— out ^ ditiori of Scleniuvi; Zinc Dust to Remove HgO during Distillation 


Catalysts used 


Source o{ plasma 
used (2’m!. samplea] 

Time 

disested 

alter 

clearins 

^lercurlc oxide 

j Mercuric oxide + selenium 

Time 
required 
for digest 
to clear 

N per 2 ml. 
plasma 

N. per cent 
of 2 hr. 
digestioQ 

Time 
required 
for digest 
to clear 

N per 2 ml. 
plasma 

N, per cent 
of 2 hr. 
digestion 
uttUuf Se 


hrs. 

min. 

ms. 


mm. 

ms. 


Dog 

0 

14* 

17.58 

98.9 

12* 

17.55 

98.7 


0 

27t 

17.54 

98.6 

25t 

17.52 

98.6 


0.5 

t 

17.73 

99.7 

t 

17.73 

99.7 

Human 

2.0 

t 1 

17.78 

100.0 

t 

17.72 

99.7 

0.5 

40t 

19.23 

98.7 

40t 

19.36 

99.3 


2.0 

40t j 

19.49 

100.0 

40t 

19.41 

99.6 


* Boiling. 

f Subboiling, 


he use of zinc had been adopted. As shown in Table I, the ammonia jdelds 
rom the digests with mercury might have been slightly higher if zinc had 
been used in the distillation. The results in Table V indicate that the 
•gest mixture with mercury gave higher results than any of the other mix- 
tures. The difference might have been still a little greater if zinc had been 
«sed in the distiUation. 

Recovery of Ammonia from NHNUl by Steam Distillation in Presence of 
All Reagents Used for Micro-Kjeldcdil Procedure with Mercury 

As Catalyst 

Samples of standard NH4CI solutions, containing respectively 1, 0.5, and 
■2 mg. of nitrogen, were measured into micro-Kjeldahl digestion tubes. 
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All reagents used for micro digestion were added and the contents of the 
tubes were distilled as described in the microprocedure. The ammonia was 
received into 10 ml. of 0.01428 N HaSO^. The volume of distillate collected 
was 50 ml. ; this was the volume found adequate for quantitative distillation 
of ammonia in the still that was used. (The volume of distillate required 


Table V 


Comparison of Methods for Determination of Total Nitrogen of Plasina by Various 

Macro-Kjeldahl Procedures 


Source of 
plasma used 
(2 ml. samples) 

Time digested after clearing 

1 Procedure used 

Digest, 10 gm. K 2 SO 4 , 1 gm. HgO, 
20 ml. HsSOi. Distillation with 
sodium thiosulfate dissolved in 

Digestion mix- 
ture of Campbell 
and Hanna (9) 
with Se and Cu 
as catalysts 

10 gm. K 2 SO 1 , 
0.2 gm. 
CuS04'5Hj 0, 
20 ml. H 1 SO 4 

10 gm. KiSO4,02 

gm. CuSOi'jihO, 
20nil.HjS0i, 
0.5 ml. H:0 j 

Added NaOH 

Diluted acid 
digest, then 
NaOH added 

N in 
sam- 
ple 
ana- 
lyzed 

Per 
cent of 

2 hr. 
diges- 
tion 
with 
HgO 

N in 
sam- 
ple ' 
ana- 
lyzed 

Per 
cent of 

2 hr. 
diges- 1 
tion 
with ! 
HgO 

N in 
sample 
ana- 
lyzed 

Per 

cent of 
2 hr. 
diges- 
tion 
with 
HgO 

Nin 

sample 

ana- 

lyzed 

Per 
cent of 
2 hr. 
diges- 
tion 
with 
Hgi) 

Nin 

sample 

ana- 

lyzed 

Pet 

cent of 
2br. 
dises- 
tion 
tritii 
HsO 


[ hrs. 

tng, ' 


mg. 


mg. 

y 1 





Solution of 

0.5 

1 1 

1 

17.11 

99.1 

16.76 

98.0 





Lyovac* 

1 

1 j 

1 


17.18 

99.5 








:2 



17.27 

100.0 

17.03 

98.6 






4 



i 


17.03 

98.6 





Pooled dog 

0.5 





22.50 

97.1 





Plasma 1 

1 





22.71 

98.0 






2 

23.16 

100.0 



22.85 

98.5 





Pooled dog 

0.522.63 

99.8 









Plasma 2 

2 

22.68 

100.0 



22.37 

98.6 






4 





22.54 

99.3 






8 





22.63 

99.7 





Pooled hu- 

2 



23.03 

100.0 







man 

4 





22.65 

98.4 

22.13 

96.1 

22.06 

95.8 


* Lyophylized pooled human plasma, Sharp and Dohme. 


was determined by distilling samples of NH 4 CI containing 4 mg. of nitrogeU; 
collecting varying volumes of distillate, from 25 to 50 ml. 25 ml. of is 
tillate showed 99.6 per cent of the theoretical value, and 50 ml. gave t e 
oretical values.) , . 

The recovery of ammonia by distillation of samples of NH 4 CI containinS 
0.2 to 1 mg. of nitrogen varied from 99.6 to 100.4 per cent of the theore ica 
values, as sho-wn in Table VI. 
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Table VI 

Rccoiery oj Ammonia from NH,Cl by Steam Distillation in Presence of All Reagents 
Oserf for Present 7 itnmctric Micro-Kjeldahl Procedure with Mercury As 
Catalyst 


Nitrogen in NHiCi sample 


Theoretical 

j Recovered in distillate 


1 cent 

1 

1 100.0 

1 

j 99.8 

1 

j 99.8 

0.5 1 

j 100.4 

0.5 

1 100.0 

0.5 

99.6 

0.2 

100.0 

0.2 

100.0 


Table VII 

Determination of Total Xitrogen of Plasma by Macro and by Micro T iirintelric 


Procedure used 

Plasma Ic 
sample 
analyzed 

K found in sample 
analyzed 

N found per 100 ml. 
plasma 

N found in per cent 
of result by macro- 
procedure 

Replicates 

^fean 

Replicate 

9 Mean 

Replicates 

Mean 


ml. 

mg. 

mg. 

mg. 

mg. 



Macro 

2 

19.38 


969.0 





2 

19.35 


967.5 





2 

19.34 


967.0 





2 

19.37 

19.30 

968.6 

968.0 


100.0 

Micro 

0.2 

1.932 


966.0 


99.8 



0.2 

1.932 


966.0 


99.8 



0.2 


1.935 

970.0 

967.3 

100.2 

99.9 


0.1 

Mg 


972.0 


100.4 



0.1 

iH 


968.0 


100.0 



0.1 

0.978 


978.0 


101.0 



0.1 

0.970 

0.972 

970.0 

972.0 

100.2 

100.4 


0.05 

0.484 


968.0 


100.0 



0.05 

0.482 


964.0 ( 


99.0 



0.05 

0.482 

\ 

964.0 i 

1 

99.6 



0.05 

0.488 

0.484 

976.0 1 

968.0 i 

100.8 

100.0 


0.02 

0.198 


990.0 { 


102.3 



0.02 

0.198 


990.0 1 


102.3 



0.02 

0.196 

0.197 

9S0.0 { 

986.7 i 

101.2 

101.9 
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Determination of Total Nitrogen of Plasma by Present Macro and Micro 
Titrimetric Kjeldalil Procedures 

The plasma used for the analyses was an approximately 7 per cent solu- 
tion of Lyovac (a lyophilized pooled human plasma prepared by Sharp and 
Dohme). For macro-Kjeldahl analyses samples of 2 ml. were taken'. For 
micro-Kjeldahl analyses 10- and 50-fold dilutions of the plasma were pre- 
pared with 0.85 per cent sodium chloride solution. Samples as designated 
in Table VII were taken for analyses, covering a range of approximately 
0.2 to 2 mg. of nitrogen. The results are given in Table VII. 


Table VIII 


Total Nitrogen Determined in Samples of 0.1 Ml. of Pooled Plasma by Present Gaso- 
metric Micro-Kjeldahl Procedure 



TempeiatMic 

Factor 

Nitrogen 

in sample 


Found 

Per cent of N by 
macromethod* 

mm. 

377.8 

•c. 

23.0 


ing» 

1.192 

100.1 

377.4 

23.3 

53 

1.190 

99.9 

377.8 

23.5 

50 


99.9 

378.0 

24.0 

45 

1.189. 

99.8 

377.4 

24.1 

44 

1.187 

99.7 

378.5 

24.4 

41 

1.189 

99.8 


24.5 

40 


99.9 

378.8 

24.6 

39 

1.189 

99.8 

Mean 



1.190 

99.9 


* Nitrogen by macro-Kjeldahl was 11.91 mg. per ml. 


Comparison of Total Nitrogen of Plasma Determined by Present Macro 
Titrimetric and Micro Gasometric Procedures 

2 ml. samples of pooled human plasma were analyzed by the macro- 
Kjeldahl procedure. The mean result was talren as 100 per cent for com- 
parison with results by the microprocedure. For the microanalyses tne 
plasma was diluted 10-fold, and 1 ml. samples of the dilute solution were 
taken for analysis. The results are given in Table VIII. 

DISCUSSION 

Nitrogen Content of Plasma Proteins — Total plasma proteins prepared 
from two pools of human plasma, analyzed for total nitrogen by the 
Kjeldahl procedure described, with mercury as catalyst, gave a mean va 
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of IG.OG per cent, which checked with the mean value of 16.02 per cent by 
the Dumas method. The macro-Kjeldahl procedure of Campbell and 
Hanna (9) with digestion for 2 hours after clearing and with Se and Cu as 
catalysts gave a value of 15.42 per cent. 

The literature on the analysis of plasma proteins reports varying nitrogen 
percentages. The lack of agreement is in part probably due to absence of 
exact data on the moisture and ash contents of the proteins analyzed. 
Proteins are so hygroscopic that completely dried samples cannot be 
weighed with accuracy. The most uniform analyses are obtained, accord- 
ing to the writers’ experience, when the protein is air-dried by equilibration 
with the moisture of the atmosphere, and samples are weighed for all anal- 
yses, including moisture and ash, during a short time interval and under the 
atmospheric humidity and temperature conditions of equilibration. In part 
it appears that the inconstant and usually low nitrogen values in the 
literature may have been due to the use of inadequate digestion procedures 
for Kjeldahl analyses. 

Bierry and Vivario (24) reported a mean nitrogen value of 15.26 per cent 
for preparations of total human plasma proteins. They did not give ash 
or moisture content, and did not indicate the procedure for the nitrogen 
analyses. Block and his associates (25-27) reported numerous analyses 
of total proteins of human serum, giving nitrogen values varying from 14.3 
to 15.3 per cent. Analyses w'ere performed by macro-Kjeldahl, but the 
procedure used was not stated. Some of the samples were dried at 110° 
(25, 27) ; other results (26) are given without mention of drying or of ash 
or moisture content. Murrill, Block, and Newburgh (28) prepared pro- 
teins from a pool of three human sera, but did not determine ash or moisture 
content. Nitrogen determined by the micro-Kjeldahl procedure of Pregl 
w’as 14.28 per cent. Robinson and Hogden (23) prepared proteins from 
three human sera. Dried ash-free samples were weighed. Nitrogen deter- 
mined by macro-Kjeldahl, with a digestion mixture of H 2 SO 4 , H 3 PO 4 , and 
SeOClj, gave values between 15.5 and 16.0 per cent,meanl5./2. Cook (29) 
prepared proteins from four pools of human plasma. Dried samples w ere 
weighed. Nitrogen determined by the micro-Kjeldahl procedure of Chib- 
nall, Rees, and Williams (30), with H 2 SO 4 , K 2 SO 4 , CUSO 4 , and Na2Se04, 
gave values between 14.71 and 15.54 per cent, mean 15.23. Nitrogen de- 
termined by these authors by micro-Dumas gave values between 13.29 and 
15.96 per cent, mean 15.20. No mention is made of ash content. They 
concluded that the proper factor for conversion of nitrogen to total plasma 
protein was 6.6. Brand, KasseU, and Saidel (31) and Brand (32) anab’zed 
fractions of human plasma proteins for nitrogen by the micro-Dumas 
method, in which they used air-dried samples and corrected for ash and mois 
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ture content. In the fractions which were pure (albumin and -y-globulin) 
thej^ found 15.95 per cent nitrogen for albumin and 1 6.03 for 7-globulin. The 
factors for conversion of nitrogen to protein calculated from these values are 
6.27 for albumin and 6.24 for 7-globulin, agreeing closely with the factor 
found in the present paper for total proteins of nonnal human plasma. 

The factor 6.25, for conversion of nitrogen to protein, has been generally 
used for at least 75 years. Its origin is obscure and difficult to trace. It 
has long been known that different proteins vary considerably in their 
nitrogen content, and that for each protein its own factor must be estab- 
lished before exact calculation of the weight of dry protein present can be 
made from nitrogen determinations. From the data given in this paper 
for total human plasma proteins, and the data of Brand and his associates 
for pure human plasma albumin and 7-globulin, the factor 6.25 seems justi- 
fiable, for the present, for the calculation of weights of plasma proteins 
from nitrogen. 

Some of the markedly higher values for the factor for plasma proteins, 
derived from other analyses in the literature, appeal' to be attribut- 
able to low nitrogen values by the Kjeldahl procedures used. For our oto 
protein preparations the factor calculated from the determination of nitro- 
gen by the procedure of Campbell and Hanna (9) is 6.49, because the pro- 
cedure gave nitrogen values 3 per cent lower than the Dumas combustion 
or Kjeldahl digestion irith mercury as catal3’’st. 

Losses with Selenium and Mercury ^4s Catalysts — The literature indicates 
that when selenium is used as a catalyst for the Kjeldahl procedure the 
length of time for digestion should be carefully established for the substance 
analyzed. Sandstedt (33) reported that the loss of nitrogen on long heating 
vith selenium is greater than with other catalysts. Davis and Wise (31) 
and Illarionov and Ssolovjeva (35) reported a loss of nitrogen if heating was 
longer than 35 minutes with selenium. Dakymple and King (36) foun 
that digestion for 1 hour with HgO and KjS04 gave the same result as diges' 
tion for 3 to 6 hours with selenium or 1.5 hours with various selenate;. 


With selenates the recovei’y of nitrogen rose vdth time of digestion to a 
maximum, then diminished TOth progressive loss of nitrogen. Patel an 
Sreenivasan (37) reported progressive losses of nitrogen during digestion 0 
casein with selenium or selenium plus mercuric oxide as catalysts if digc= 
tion was prolonged beyond 15 minutes after clearing. Osborn and Krasni ^ 
(38) reported that when the digestion period was extended danger of 0^ 
of nitrogen with different catalysts increased in the order of Hg, Se, i-o t 


Hg. Use of merciuy involved the least danger of loss. 


Determinations of carbon, hydrogen, and of nitrogen by the 
method were performed by Dr. A. Elek, to whom we wish to exprcM 0 
gratitude. 
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SUMMARY 

Only digestion mixtures containing mercury as catalyst have been found 
to give nitrogen values for proteins as high as the values yielded by Dumas 

described iu which digesriou fixtures y^S 
values equal to those of the Dumas combustion are employed and in wh 
the ammonia formed is determined by macro or micro titiation, y 
micro gasometric measurement. 
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. determination of protein in urine by the 

BIURET METHOD 

j By AUIA HILLER, ROGER L. GREIF, and WILLIAAI W. BECKALAN 
^ iTH THE Technical Assistance of John Plazin 
(From Ihc Hospital oj The Rockefeller Inslilute for Medical Research, New York) 

(Received for publication, July 15, 1948) 

A method for the determination of protein in urine by means of the biuret 
reaction was described by Hiller (1) and by Hiller, McIntosh, and Van 
Slyke (2), in which pure biuret prepared by Kahlbaum was used as a stand- 
ard for visual colorimetrJ^ Since Hiller (1) the biuret method has been 
used for the determination of urinary proteins by Price (3) and by Lehmann 
(I)) and has been widely used in many forms and modifications for the 
determination of plasma proteins. A review of the literature on the biuret 
method will not be given here, but may be found in the papers of Kiintzel 
and Droscher (5) and of Robinson and Hogden (6). The latter workers 
studied the conditions necessary for the production of a stable color which 
hears a quantitative relationship to the protein concentration and also 
published transmission curves for the biuret color. 

^ The present paper describes a photometric method for the determination 
- of urinary protein in which the entire procedure is carried out in a single 
test-tube, which serA'es as a cuvette for the photoelectric spectrophotometer. 
The method can be used even when the urine contains Evans blue excreted 
after blood volume determinations. Since pure preparations of biuret are 
not now obtainable on the market, solutions of urinary proteins, of concen- 
tration determined by accurate Kjeldahl analysis, are used to prepare 
standard optical density curves, and the use of a chrome-alum solution for 
checking the curves is detailed. 


METHOD 

Apparatus 

Cuvettes, 15 by 100 mm. (outer measurements). Test-tubes, thick wall, 
without lip, from the Arthur H. Thomas Company, No. 9446, make good 
inexpensive cuvettes. After cleaning with dichromate cleaning mixture 
the tubes are tested for imiformity by reading the optical density of a solu- 
tion containing approximately 15 gm. of CuS 04 ' 5 H 20 per 100 ml. in each 
tube in a spectrophotometer at a wave-length of 560 m;i. Tubes which 
read within an optical density variation of ±0.0015 of the average are 
chosen as cuvettes. These are then etched with numbers and calibrated 
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to contain 10 ml. The tubes must be carefully handled to prevent scratch- 
ing. Before each series of readings in the spectrophotometer, finger-marks 
must be removed by wiping the outside of the tube first with a damp, thea 
with a dry towel. They must be cleaned immediately after use. A good 
cleaning procedure is to remove precipitates by rinsing and shaking with 
water; then small amounts of copper sulfate which adhere to the upper part 
of the inner walls of the tubes are removed with dilute hydrochloric acid, 
approximately 1 N. The tubes are then rinsed five times with tap water 
and three or four times with distilled water and inverted in a test-tube rack 
to drain onto a towel. Only the tubes used for blank determinations need 
be dr 3 ^ The tubes used for protein analysis can be used without drying. 

Rubber stoppers, solid No. 0, to fit cuvettes. 

Centrifuge metal shields 3| inches long and f inch in diameter will fit the 
size of cuvettes used. With an eight place head and three or four place 
trunnion carriers a large number of tubes can be centrifuged at one time. 

Photoelectric spectrophotometer. The Coleman junior model was used, 
but any type can be used, with a cuvette holder 3 inches in length. If the 
holder is too wide for the cuvettes, a ring of hard rubber can be fitted into 
the top of the holder to keep the cuvettes in a vertical position. 

A 5 ml. burette marked at 0.25 ml. intervals to deliver the copper sulfate 
solution. 

.4 25 ml. burette to deliver trichloroacetic acid. 

Dispenser for sodium hydroxide. An aspirator bottle or a separatory 
furmel type of vessel, equipped with a soda lime tube and an outlet tube j 
with a small opening for delivery of small drops. 

Reagents 

Trichloroacetic acid, 10 per cent solution. Keep in the refrigerator 
when not in use. 

Copper 20 gm. of CuSOi’SH^O per 100 ml. 

Sodhmi hydroxide, reagent grade, 3 per cent solution. This solution is 
stored in the dispenser described under “Apparatus,” and should not be 
allowed to age beyond 2 weeks, as the solution on standing over a longer 
period of time in glass gives higher blanks and lower protein values than 
when freshly made (see Table III). 

Procedure 

If the urine contains a precipitate, it should be filtered before analysis- - j 

Precipitation of Protein — ^Enough urine to contain between 5 and 20 ) 

of protein is pipetted into the bottom of each cuvette. The samp es^^^ 
albuminous urine usually range from 0.5 to 5 ml. to contain the 
amount of protein. If the concentration of protein is higher than = 




A. IIILLlili, U. l>. GUEIF, AND \Y. \V. BECKiUX 


1423 


pgr the urine is diluted with water so that a saniple will contain be- 
tween 5 and 20 nig. of protein. To the urine in each cuvette an equal 
volume of 10 per cent trichloroacetic acid is added. If the total volume of 
urine plus trichloroacetic acid is G ml. or less, mixing can be accomplished 
bj' shaking the cuvette. If the volume is greater than 6 ml., a thin stirring 
rod should be used to get complete mixture, with care not to scratch the 
wall of the cuvette. The rod is washed down with a few drops of water. 
The cuvette is allowed to stand 10 minutes, then centrifuged at about 2o00 
R.P.M. for 10 minutes. The supernatant solution is decanted and the 
cuvette is inverted against a towel or filter paper for a moment to dram 
Dissolving Prolein Prccipilate— The protein precipitate is dissolv^ by 
adding 2 ml. of 3 per cent sodium h3'droxide. The cuvettes are shaken 
occasionally until solution is complete, but shaldng must be gent e to a\ oi 
formation of foam. If cuvettes containing appreciable amounts of Pjotein 
are allowed to stand for a time without occasional shaking, un issoie^ 
protein at the bottom of the cuvette will form a clear gel an ® ® 

looked, as it is difficult to see and requires a longer time to dissolve t an 
does the white precipitate. If the cuvette is examine wit a win ow r 
light as background, while whirling gently, a spiral of f f Pro e n 
can be seen rising from the bottom of the cuvette. Solution is complete 
when there are no transparent strands on shaking te sou ion. 
per cent sodium hydroxide solution is then added wit occasion o> 

until the volume in the cuvette reaches the 10 ml. mar v. enHinm 

Two dry cuvettes are filled to the 10 ml. mark with 3 per cent sodium 

hydroxide to serve as blanlrs. . . ,v cpi 

Setting Zero Point of Photometer-The zero 
before each reading with the holder in place, but without a cuvette ( 

^'m'anhs-The density of the 3 per cent NaOH in the cuvettes is read as 

Optical Dencily. D,. Due ,o Fmenle •'« “ 

ij PredpuLe af Pralein-Tibe tubes coulammg ?‘'f P™'"" 
wiped and the optical density is read as Ds p, — After 

Development of Biuret Color and Reading of P ^ sulfate is added 
C, readings have been made, 0.23 ml. of 20 per cent »PP“ 
from the 1 ml. marked burette to each protem ^ota ‘“o ^ ^ 

tube is stoppered as soon as * Unless shaking is prompt, 

immediately shaken vigorously about lo • g^s are removed 

clumps of copper hydroxide may stick h the biuret 

and washed. The tubes are allowed to stanu i ^500 

color to develop, and are then minutes before centrifuga- 

R.p.M. (Blanks should not stand longer 
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tion as they tend to be lowered on standing.) They are then wiped clean 
and the optical density is read at 560 mja, with the zero point set as de- 
scribed above. The readings of the protein solutions are recorded as 
and the blanks are D b^, Blank 2. Tubes should be washed inunediately 
after use as described under “Apparatus.” 


Calculation 

Di = optical density reading of 10 ml. of protein solution 
Dbi = “ “ “ “ solvent (3 per cent NaOH) = Blank 1 

Di = “ “ “ “ 10.25 ml. of protein solution 4- copper 

sulfate 

Dbz = optical density reading of reagent blank (NaOH -f CuSOi) = Blank 2 
Dp ~ “ “ due to biuret color formed from protein in a volume 

of 10 ml. 

(1) Dp = 1.025 (Dj - Dbz) - (Di - Dsi) 

The mg. of protein in the sample analyzed are read from a curve con- 
structed for this purpose, relating Dp to mg. of protein for the specific set 
of cuvettes and spectrophotometer used. 


Mg. protein per liter urine = ?g- P J^tein in sam ple analyzed_><jl000 

ml. Xirine m sample taken 


Consiruciion of Curve Relating Optical Density to Mg. of Protein in Sample 
Analyzed — ^The relationship between optical density reading and protein 
concentration depends on the specific set of cuvettes and on the spectro- 
photometer used. It is therefore imperative that a curve be constructed 
for each set of apparatus. 

Several urine samples containing protein can be used for this purpose. 
The mines are analyzed for total nitrogen and non-protein nitrogen by the 
macro-ICjeldahl procedure of Hiller, Plazin, and Van Slyke (7), who found 
that the best results of analyses of plasma protein were obtained when 
mercury was used as catalyst. For determination of non-protein nitrogen 
the protein is precipitated under the same conditions as for the biuret 
method; equal volumes of urine and 10 per cent trichloroacetic acid are 
mixed, let stand 10 minutes or longer, then centrifuged. Aliquot por- 
tions of the supernatant solution are taken for analysis. 

The calculation for the protein content of the urines is 

Protein per 1(X) ml. = 6.25 [(total N per 100 ml.) — (non-protein N per 100 nilOl 


Of each urine analyzed three or four samples of various size are choscDi 
containing amounts of protein ranging from about 3 to 15 mg. These 
analyzed in triplicate by the biuret method, and the Dp values calcu a e 
by Equation 1 are plotted against the mg. of protein in the samples t e 
for analysis. A straight line curve can thus be constructed for caleuia lOO 
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Such a curve was checked at frequent intervals and was found to remain 
constant over a period of 6 months. 

EXPERIMENTAL 

Choice of Wave-Length for Reading Biuret Color — Optical densities of 
the biuret color prepared from a sample of urine protein were read at 
various wave-lengths in the Coleman junior photoelectric spectrophotom- 
eter. A curve constructed from these data showed a maximum optical 
density at wave-lengths between 550 and 570 mp, and was almost identical 
with the curve of Robinson and Hogden (6). A wave-length of 560 m;t was 
chosen. 

Reproducibilily of Results by Biuret Method— Urine samples were chosen 
which contained var 3 dng amounts of protein, between 3 and 19 mg. 


Table I 


Reproducibilitu of Results by Biuret Method for Various Amounts of Protein in Sample 

of Urine Analyzed 


Urine s&rnple 

Protein found in sample; 
mean of 20 determinations 

Standard deviation from mean 

ml. 

0.5 

1 

2 

3 

mg. 

3.105 

6.328 

12.798 

19.030 

±0.065 

±0.077 

±0.126 

±0.171 

per cent of mean 

±2.09 

±1.22 

±0.99 

±0.90 


Twenty analyses were performed on each sample chosen. The 

shoivn in Table I. . i 

Stability of Biuret Color-On sLx urine specimens i 

by the biuret method, optical density readings were a ^ and 

after development of the biuret color. The cuvettes 

let stand at room temperature, 22 « “ ^ development. 

by Biuret Method-3 per cent sodium g^dr°x^.^ containers for 

from atmospheric CO 2 and were j For the analyses a solu- 

mtervals up to 90 days, as indicated in T tejn per ml. was used. 

tion of serum albumin for each sodium hydroxide 

Samples of 1 ml. were analyred m tap t 

solution. All the analyses in Table III sodium hydrox- 

geEt blanks weve determined for each soluhon used. The sodium nj 
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ide solutions which were kept for 42 to 90 days all gave higher reagent 
blanks. The results shown in Table III indicate that the 3 per cent so- 

Table II 


Stability of Biuret Color on Standing at Room Temperature in Daylight but N'ot in Sun- 
light; Optical Densities with Air .-Is Zero 


Urine No. 

Optical density readings; time after biuret color development 

J hr. 

After 3 hrs. 

After 4 hrs. 

Water 

0.050 

0.050 

0.050 

Reagent blanks 

0.081 

O.OSO 

O.OSO 


0.081 

O.OSO 

O.OSO 

152 

0.441 

0.440 

0.410 

153 

0.391 

0.391 

0.391 

154 

0.233 

0.233 

0.234 

155 

0.349 

0.349 

0.350 

156 

0.300 

0.300 

0.300 

164 

0.590 

0.590 

0.590 


Table III 


Effect of Age of S Per Cent Sodium Hydroxide Solution on Biuret Results 


.4ge oi XaOH 

1 Protein found in sample 

1 

deviation from protein found with 
freshly made NaOH 

days 

1 

1 Wf. 


0 

3.9 


1 

3.S 

-0.1 

2 

3.9 

0 

3 

3.9 

0 

4 

3.8 

-0.1 

5 

4.0 

+0.1 

6 

3.7 

-0.2 

7 

4.0 

+0.1 

13 

3.8 

i -0.1 

17 

3.7 

-0.2 

19 

3.7 

-0.2 

42 

3.6 

-0.3 

49 

3.7 

-0.2 

60 

3.6 

-0.3 

90 

3.7 

-0.2 


dium hydroxide solution may be used for a period of 2 weelcs withou 
appreciably affecting the accuracy of the procedure. 

Correction for Urinary Pigments in Biuret Method — ^When protein is 
cipitated from a highly concentrated urine, some of the pigment is 
down with the precipitate. "When such a precipitate is dissolved in ai ' 
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reading at 

eiigth at M hich the biuret color is read. 

this into the biuret method by- 

t aaatea,rrr “'“‘io” “«“i»!n6 10.6 mg. of protein per J. 

caSell l“rr“T f ■'“* “o'o'O'f """O' The results wre- 

tion ^'Ithout the correction for the color of the protein solu- 

shmi readings Di in the method). Column 4 of Table IT 

varying amounts of protein in the sample the corrected 
nrnf within the limits of error of the method, the amount of 

calculations are made without correcting for 
en (Columns 5 and 6, Table IV), the results are increased to a degree 


Table IV 


Efcct of Urinary Pigments on Biuret Method 


Nonnal urine 

Scrum 

albumin 

solution 

(2) 

1 Protein in 
sample 
calculated 
from added 
albumin 

( 3 ) 

Protein in sample by 
biuret method 

Protein 
uncorrected, 
in per cent of 
corrected 

(6) 

Color 

Sample 

taken 

0) 

Corrected 
for pigment 

(4) 

Uncorrected 
for pigment 

(S) 


ml. 

ml. 

mg. 

mg. 

mg. 



0 

1 

10.6 

10.6 

10.6 

100.0 

■uaric 

n 

3 

0.25 

2.65 

2.7 

3.0 

110.1 

ti 

3 

0.5 

5.3 

5.5 

5.8 

105.5 

a 

3 

1 

10.6 

10.6 

10.9 

103.8 

i( 

3 

1.5 

15.9 

15.8 

16.3 

103.1 

Light 

4 

1 

10.6 

10.7 

11.2 

103.6 

4 


10.6 

10.6 

10.9 

102.8 


eyond the experimental error of the method. This error becomes rela- 
ively greater when smaller amounts of protein are analyzed. 

The dye, Evans blue (T-1824), when injected into patients with pro- 
emuna for the determination of plasma volume, is excreted bound to the 
urinary protein. A number of urines containing T-1824 were analyzed for 
protein by macro-Kjeldahl determination and by the biuret method, 
itesults by the biuret method were calculated with and without the correc- 
tion for dye (included in the Di readings). Table V shows that results 
ca,lculated with the correction check with the results by Kjeldahl analysis 
j'^^hin the limits of error, whereas the uncorrected photometric results are 
higher. 

Comparison of Determinations of Urine Protein by Macro-Kjeldahl, by 
Biuret Method, and by Sedimentation Method of Shevky and Stafford (S) As 
Modified by MacKay (9) — Twelve urines were analyzed for protein (1) by 
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the macro-Kjeldahl procedure described for construction of the curve for 
conversion of optical density to protein content, (2) by the biui'et method, 
and (3) by the sedimentation method of Shevky and Stafford (8) as modi- 


Tablb V 

Analyses of Urine Containing Evans Blue (.T-1824) &!/ Biuret Method 


Urine specimen 

Protein per liter 

Biuret, per cent of Kjeldahl 

Jlacro-Ejeldafal 

Biuret method 

Corrected 
for dje 

Uncorrected 
for dj-e 

Corrected 
for dye 

Uncorrected 
for dye 


sm. 


gm. 



B-251 

13.8 


14.5 

101.5 


B-147 

33.0 

33.0 

33.5 

100.0 

101.5 

Se 

10.5 


10.8 

99.1 

102.9 

C 

17.5 


18.2 

102.8 


M-173 

28.2 


28.6 

99.1 

101.5 

B-171 

41.5 


42.0 

98. S 

101.2 

M-177 

20.7 

21.0 

21.4 

101.5 

103.4 


Table 


Co/nparison of Determinations of Urine Proteins by Macro-Kfeldahl, by Biuret 
Method, and by Method of Shevky and Stafford 


Urine specimen 

Protein per liter 

Per cent deviation from Kjeldahl 


Macro-Kjeldahl 

Biuret method 

Shevky-Stafford 

Biuret method 

Shevky-Stanord 


gm. 

gm. 

gm. 



B-147 

33.0 

33.0 

47.2 

0 

-1-43.0 

B-251 

13. S 

14.0 

18.7 

-fl.5 

+35.0 

B-171 

41.5 

41.0 

63.0 

-1.2 

-f51.S 

M-173 

28.2 

28.0 

34.5 

-0.9 

-1-22.4 

N-177 

20.7 

21.0 

2S.S 


-1-39.0 

E, 

8.0 

S.O 

10.4 

0 

+30.0 

W 

6.3 

6.3 

7.6 

0 

+20.5 

O’F 

23.6 

25.2 

24.7 

-1.5 

-3.5 

Sp 

3.6 

3.6 

3.8 

0 

-f5.5 

Ro 

4.5 

4.5 

5.1 

0 

-1-13.3 

C 

17.5 

18.0 

18.2 

-f2.8 

-1-4.0 


10.5 

10.4 

10.8 

-0.9 

-1-2.9 









fied by MacKay (9). In Table VI the results by the biuret method are 
seen to check ■with those by macro-Kjeldahl analysis within the limits o 
error. The results by the sedimentation method show deviations from t 
Kjeldahl, ranging from —3.5 to -f-51.8 per cent. 

Procedures for Frequent Checking of Calculation Curve — ^To fiod a pr 
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cedure for checking the calculation cui've at frequent intervals a search 
was made for compounds which either give a biuret reaction or which give 
an optical density curve similar to that of the biuret color. 

Chromic ammonium sulfate, Cr2(S04)3(NH4)2S04-24H20, was chosen 
because in aqueous solution its transmission curve is near that of the biuret 
color, with a minimum transmission between wave-lengths of 570 and 590 
DIM. Aqueous solutions of 0.5 and 0.25 per cent were prepared. _ These 
solutions showed a color instabiUty when first made up. A daily mcrease 
was found in the optical density readings imtil the 4th day, but t erea er 
the readings remained unchanged when made at intervals up to year. 
The optical density readings of the two solutions were locate ® 

culation cur\’e and checked at intervals. Two preparations o c onuc 
ammonium sulfate, one Baker’s “analyzed,* one a c.p. pro uc o am 
from the Fisher Scientific Company, gave the same results. 


SUMMARY 

A biuret method for the determination of iirinary protein ^ , 

in which the entire procedure is earned out in a suig e es T}p„„Ug 
serves as a cuvette for the photoelectric ° ^^HiVpstion with 

agree with those by an accurate 

mercury catalyst), the standard deviation from t e ] , . j e 

ing of the order of ±1 per cent when the urine samples contained 6 to 

19 mg. of protein. 
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SUBSTITUTES FOR SAPONIN IN THE DETERMINATION 
OF OXYGEN AND a\RBON MONOXIDE OF BLOOD 


By alma HILLER, JOHN PLAZIN, and DONALD D. VAN SLYI^E 
(From Ihc Hospital oj The Rockcjcllcr Inslilulo for Medical Research, New York) 


(Received for publication, July 15, 1948) 


When oxygen or carbon monoxide in blood is determined by setting these 
gases free from HbOi or HbCO by means of ferricyanide, it is necessaiy to 
lake the cells completely, because ferricyanide does not penetrate the 
intact erythrocytes. The hemolytic agent used by Van Slyke and Neill 

(1) to lake the cells was saponin. 

During the past few years commercial preparations of saponin which 
have been used as a hemolytic agent in the determination of o.xygen in 
blood by the method of Van Slyke and Neill (1) have been found in this 
laboratory to give results considerably lower than those obtained with a 
Kahlbaum preparation of saponin which had been previously in use. 

The use of Duponol WA and Duponol W-20 as a substitute for saponin 
in the determination of oxygen was reported by Vestling and Swerdlow 

(2) . They used the method of Sendroy (3) for the determination of oxygen 
capacity, in which 32 per cent potassium ferricyanide containing the hemo- 
lytic agent is added to the blood after saturation of the blood 
(oxygen) in the chamber of the blood gas apparatus of Van Slyke and Neill 
(1). Ramsay (4) used oleyl sodium sulfate as a substitute for saponin, imd 
warned that an excess causes stop-coclcs to leak and impairs great y e 


hemolytic action. j u • i 

The presence and distribution of saponins in plants an t eir i a ue as 
hemolytic agents have been investigated by Luft (5). . r - c 

The present paper describes procedures in which urea or i usions o 
senega root, root soapwort, and quillaja soap bark, which are commercia y 
available,! can be used as hemolytic agents in the determination of ox-yge 

in blood. . . , iu k 

Evidence is given that hemoglobin can be determine y e car on 
monoxide capacity method of Van Slyke, Hiller, Weisiger, anc ruz 
ivithout addition of a hemolytic agent such as sapomn. 


methods 

Determination of Oxygen in Blood with Urea As Hemolytic Age 
The method of Van Slyke and Neill (1) is used with slight modifications. 

! Senega root, N. F. (cut and sifted), root soapwort ° 117-119 

=ut) were obtained from the Amend Drug and Cbeimcal Companj , Inc., 

ast 24th Street, New York 10. 


1432 


0; ANtJ CO IN" IlLOOU 


RcafJCIllo 

Urea, 40 per cent Eolution, cuiitaining 1 per cent egg albumin. 
Pofaesinm ferriojanidc, 32 per cent holution. 

Sodium hydroxide, 1 N air-free holntinn. 

Sodium hyposidfile, Xa;S:0», air-free solution, described by Van SIvb 

(7). _ 

Capnjlic alcohol. 


Procidurc for I ML Samples of Blood 

2 drop.s of caprylic alcohol are dra-.vn into the laipillary of the blood 
apparatus (1, 7), and 7.5 ml. of the iire.i t-ohuion are measured into the 
chamber. .Vfter making a mercury .-eal, the solution is dcaer.itcd by evac- 
uating and Ehaking for 3 minutes. G mi. of the solution are run up into the 
cup; then I ml. of blood is meaoured into the chamber, followed by 1 ml. 
of the solution in the cup. After making a mercury teal, the mixture is 
evacuated aiul shaken 3 minutes to lake the blood. The vacuum is re- 
lea-tcd, the up[)er cock being kept clo-ed. In the cup of the gas app.iratus 
place a few ml. of water and a little mercuiy. From a .-mall rubber-tipped 
burette containing the 32 per cent potas.-ium ferricyanide dL-card a drop 
so that there is no air sp.ice in the tip, in.seri the tip through the water 
and mercury into the bottom of the cup, .'uul admit 0.2 ml. of the ferricy- 
anide directly into the chamber. Se.tl with mercury, evacuate, and shake 
3 minute.s. 

Carbon dioxide and oxygon are ab-orlied as usual (1), and pressure read 
iugs are taken with the meni.-cu.s at the 0.5 ml. mark. 

Blanks are carried out by the procetiure for blotKl, except that afte; 
deaeration of the urea solution -I tnl. are run up into the cup in place oft 
ml., and the blood sample is omitted. The ferricyanide is thus addo. 
to 3.5 ml. of deaerated urea .'Solution in the chamber, instead of to 
mixture of 2.5 ml. of that solution with 1 ml. of hlootl. 

Detcrminalion of Oxygen in Blood wilh Senega Root, Root Soapicort, or 
Quillaja Soap Bari: .Is Ilcmobjlic Agcnls 

Rcagcnls 

Sodium hydroxide, sodium hyposuljilc, and caprylic alcohol are the s-une 
as described above. 

1 .6 per cent potassium ferricyanide in 0,5 per cent infusion of either sene?' 
root, root soapwort, or quillaja soap bark. The infusions are made oj 
grinding the root or bark in a mortar or fine grimier and measuring 0.5 gffl- 
into 100 ml. of water. The water is heated to boiling and the infusion 1 = 
strained through finelj' woven cheese-cloth in a funnel. 
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Procedure 

The procedure is that described by Van Slyke and Neill W- 
that the ferricyanidc-saponin solution of these authors is rep a 
'olution of ferrieyanide in one of the above infusions. 

experimental 

De,cr,„i.a,ion o, i. Blooi-As 

rations procedures tor Slyke aud NeiU (1), 

inalyzcd tot oxygon capacity by the .„„toined 1.6 per cent polas- 

“TSetabTlTa^d* 

srnrg”“ru! 

100 per cent in Table I. wpvp 53.9 per cent of 

A preparation of Baker saponin gave resu s ^ ^ 

those with the Kahlbaum ^ ^ ° preparation of saponin from the 

centration in the ferrieyanide solution. ^ game concentration, 

Amend Drug and Chemical of ggnt yielded 98.8 per cent, 

yielded 83.6 per cent. A concentration ^ jq the procedure de- 

When water ivas substituted for t e uie hemolytic agent and 

scribed under “^Methods,” in blood the yield was 97.3 per 

the ferrieyanide was added after laking of the blooa, 

cent. a r saponin, and the procedure 

When 40 per cent urea was substitutea r ^ the 

was the same as for the controls above, ^ . g added in addition to 

blanks were high. When 1 per cent egg albumin was 

urea, the yield was 92.8 per cent. ^ ripcpribed under “Methods,” in 
By the use of urea and egg ^^Ibumin as ptassium ferrieyanide, the 
which the blood is laked before ad i omission of urea yielded 

yield was 99.5 per cent. The same procedure wi 

94.2 per cent. . e cepneaa root, root soapwort, or 

Substitution of 0.5 per cent comparable to those with the 

quillaja soap bark for saponin gave . -pable I. 

Kahlbaum saponin. The results ^e s „ . and Oxygen in Bloo 
Simultaneous Determination of used, with the acid saponin 

1 J -MoUl (1) was UbKu, 



ferrieyanide reagent described by Peter ^ 2 gm. of potassnm 

are made; (a) 0.8 gm. of ® l ml. of concentrated lactic 

ferrieyanide diluted mth water to 100 m^, t ^qu^l volumes 

acid of specific gravity 1.20 dilute o reagent were use as 

of the two solutions are mixed. j saponin, 

controls by which to evaluate substitutes 
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Ta«I.U I 


Ejjecla of Replacing Kahlbauin Saponin b'j Other Ilcmohjtic Agents in Delerminalm 
of Oxygen Capacity of Blood 


JJIootl 

So. 

Hemolytic 
agent U5cd 

I’toccilare inii tcist.nt 

jotyjea capacii) 

> ll'ia h 

fCfCt'.t 

of 

Kihlu-'a 

u;ca.a 

calcs 

j 

Mcia 




i tJi. 

?.•/. 





1 ftr ktfU 

iini 


1 

Kahlbainn 

Van Slyiie-N’eill prucoJun; with 0.3f|. sap- 

\ ■’O.As 

\ 




! onin in potx-<siuuiferricyaiii(le as re- 

20. t» 

20.59 

i ICO.O 


siiponia | 

' agent 

1 

/ 



1 

Uaker sapo- 1 

i *« ,* 

1 11.01 




1 niii 


! 11.11 

11.09 

53.9 

1 

Ameiiii dap- 1 

i< 4« 

1 17.15 




\ oiiiii ; 


! 17.25 

; 17.20 

S3.I) 

1 

1 (* if { 

Van Slyke-Neill with .mponin in l.iVI 

1 20.25; 

1 

i 



ferrievanide 

1 20.311 

1 20.30 93.S 

1 ! 

Water 

Water de.rerated, hUnul added, shaken 3 

■; 20.0G| 

1 



i 

min. to heinolyze, thenO.'J ml. 33','e ferri- 

1 19. os: 


' 97.3 


1 

cyanide addtil 

J 

j 20.02 

i 

1 

Urea 

|Van Slvlie-Neill with lOCl- ure.i iu l.ti'.i ter- 

; 1G.72; 


f Sl.3 


1 

ricyanide as reagent 

1 10.751 

10.71 


1 

Urea -f (■};(; 

Van Slyke-.Veill with reagent containing 

j 19.12 


! 


albumin 

lir; urea, IVe egg albumin, I. tife Jerriey- i 

! 19.05 

lO.Otl 

' 02. s 


i j 

anide ] 

[ { 



o 

Kahlbaiim , 

.Van Slvke-Neill wiih0.3’'L saponin in l.GTl i 

1 1S.9S; 




1 rilipouin 

1 ferricyanide iw reagent ! 

i is.tw 

18.98 

100.0 

o 

Urea -r (•}?« , 

ure.i in ITc ‘‘gg albumin, deaerated, 

i IS. Ml 




albumin 1 

blood added, shaken 3 min. to hemolyie, 

: is. 92 

18.89 

09.5 



1 then O.'J ml. 32‘4’ ferricvaiiidu added 




2 

Egg albumiirAa above, urea umiited 1 

17.92 






17.85 

17.89, 

94.2 

2 

^Senega root 

iVan ,^lvke-Xeill with ferrievanide in 

IS. 91 





lO'ie infusion of senega root a-s reagent 

1S.97 

1S.9C 

99.9 

3 

Kahlbauin 

!Van Slvke-Xeil! with 0.3^!'y sajionin in I.tife 

22. S9 


100.0 


aaponiii 

! ferricyanide 

22.90 

22.90 

3 

Senega root 

Van Slvke-Xeill with l.G% ferricyanide in 

22.89 

1 




0.5% infu.sion of senega root as reagent 

22. 9S 

22.91 

ICv.- 

3 

Root soap- 

Van Slvke-Xcill with l.C%i ferrievanide in 

22.82 




wort 1 

0.5% infasion of rootsoapwort les reagent | 

22.:^ 

22.81 

t/y.u 

3 

Quillaja 

Van Slyke-Xeill with 1.0% ferricyanide in j 

22.97 


inn n 


soap bark 1 

0.5% infusion of (piillaja soap bark a.s re- | 

22.83 

22.90, 



! 

! agent j 


1 



As substitutes for saponin, senega root and root soapworfc 
For these substitutes solution (o) was prcparcci by dissolving 


were 

3.2 gm- o'" 
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‘Op of 2 por cent infusion of the root. The 
ititikions ere prepared as described under “Methods.” 


Pff Tablb II 

tie: „ v.i„ /„ a, c„i„„ 

Dioxide and Oxygen in Blood 


Hemoij-tic agent used 

COj per liter blood 

Replicates 

itaa 

Kahlbaum saponin 

mu 

16. S2 

mu 


16.00 


'enega root 

16.75 

16.75 

16.77 

Root soapwort 

16.7S 

16.S1 

16.78 

— - 1 

16.04 

16. SO 


Oj per liter blood 

j Per cent of result with 
/ Kjihlfaaum saponin 

Replicates 

ifean 

Mean COj 

ifean Oj 

nut 

10.20 
10.31 
10.25 j 

mu 

1 10.28 

100 0 

100,0 

10.33 

10.32 

10.33 

100.1 

100.5 

10.38 

10.28 

10.33 1 

100.8 j 

100.5 


Q, . . Table III 

e enninalion of Carbon Monoxide Capacity of Blood by Method of Fob Slyke, Hiller, 
IVeisiger, and Cruz (fi), with and without Saponin 


, Blood 
1 No. 

Determination* 

Hemolytic agcQt added to 
borax solution 

1 Carbon monoxide 
capacity 

Mean in 
per cent 
of results 
with 

Kahlbaum 

saponin 

Duplicates 

Mean 




lol. per coif 

vol. per cent 


4: 

Total Hb 

Kahlbaum saponin 

22.04 






21.94 

21.99 

100.0 



1 None 

21.93 



4 

1 

' 

I 21.98 

21.96 

99.9 



None, but blood shaken 2 min. 

22.00 





with borax solution before 

21.98 

21.99 

100.0 

i 


saturating with CO 




5 

Total Hb 

Kahlbaum saponin 

18.52 1 


100.0 



None 

18.50 1 


99.9 

5 

Active “ 

Kahlbaum saponin 

18.24 1 


100.0 

— ^ 


None 

18.24 j 


100.0 


i< Hb” is determined from the CO capacity of blood treated with XaiSjOi; 

*Ye Hb ' from CO capacity without NajSaO« (6). 

I 


1 ml. samples of blood were analyzed and readings of carbon dio.vide were 
aken with the meniscus at the 2 ml. mark, and of o.xj'gen at the 0.5 ml. 
mark. 
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The results when senega root or root soapwort was used as a substitute 
for saponin differed by less than 1 per cent from the results obtained with 
the Kahibaum saponin, as shown in Table II. 

Delerminalion of Carbon Monoxide Capacity of Blood Without Saponin— 
Hemoglobin was determined in blood by the carbon monoxide capacity 
method of Van Slyke, Hiller, Weisiger, and Cruz (6), with and without addi- 
tion of Kahibaum saponin to the borax solution. The results in Table III 
show that a hemolytic agent is not required for the procedure. 

DISCUSSION 

When urea as hemolytic agent in the determination of oxygen in blood is 
added simultaneously with the ferricyanide, as is saponin in the method of 
Van Slyke and Neill (1), low results are obtained, as shown in Table I. If, 
however, the blood is first laked in the urea solution before adding potassium 
ferricyanide, good results can be obtained. Blanks performed by this pro- 
cedure, however, are high (10 mm. of Po; at the 0.5 ml. mark), and if such 
blanks are used the results are lowered. It was found, however, that when 
a protein, such as egg albumin, was added to the urea solution before addi- 
tion of potassium ferricyanide, the blanks were lowered to 3 mm. of Poj 
at the 0.5 ml. mark. When egg albumin in concentration of 1 per cent 
was added to 40 per cent urea solution, and both blood and blanlc analyses 
w'ere performed by the procedui'e as here described, the results obtained 
were comparable to those by the original procedure with a good saponin. 

SUXEVLVRY 

Some commercial preparations of saponin currently obtainable, when 
used as hemolytic agents in the determination of o.xygen in blood by the 
method of Van Slyke and Neill, give low results. 

Infusions of senega root, root soapwort, and quillaja soap bark cm be 
used as substitutes for saponin. Urea can be used in place of saponin if egg 
albumin is added to the urea solution and if the blood is laked in the urea- 
albumin solution before potassium ferricyanide is added. 

In the determination of hemoglobin by the carbon mono.xide capaci y 
method of Van Slyke, Hiller, Weisiger, and Cruz, saponin can be omitte 
from the reagents without affecting the results. The successive actions o 
borax and acetate buffer appear to lake the cells sufficiently to make c 
HbCO completely accessible to the ferricyanide. 
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^ inteeaotioxs op quaternary amjwmum compounds 

AND PROTEINS 

I A ^gJlIOD FO^ IIAPID ESTIMATION OF URINARY PRO 

, CONCENTRATIONS WITH ALKYLDIMETHYLBENZ^ 

■ AMMONIUM COMPOUNDS* 

Bv FRANCIS P. CHINARD 
B ITU THE Technical Assistance of Doha M, Newell 
rom the Hospital of The Rockefeller Inslilulefor Medical Research, New York) 

(Received for publication, July 15, 1948) 

whidrnprmTf^^^!”^ ^ catiouie detergent has been developed 

"’ith a mini ^ estimation of the concentration of urinary protein 

formation ^ niiinipulations and time. The method depends on the 
moniumion anion-cation comple.v between quaternary am- 

fn the nr referred to as the cationic detergent, and proteins, 

protein • “’Stance mainly human albumin, at alkaline pH, No 

gent unn ^rom solution by tlie addition of the cationic deter- 

faint hiif ? fi • ^ e.vcess of this is present, at which time the solution shows 
at first’ . ^“rf’^lity. Addition of more cationic detergent results 
decrea turbidity, but as the addition is continued the turbidity 

'Furthe^^’ abruptly as it appeared, to give a nearly clear solution, 

of turbiH^t cationic detergent is not attended by reappearance 

of a d V cud-point used in the present method is the appearance 

form f turbidity. The protein-quaternary ammonium ion comple.v 
and t sensitive to ionic strength, non-electrolyte concentration, pH, 

(1) protein present (see, for e.\'ample, Polonovski and Macheboeuf 

for^ ^ ’*^t ( 2 ), and Valko (3)). For this reason, the method is restricted 

(0 results to urine protein of the order of 2 or more gm. per liter 

ma ^ ®°’’c uig. of protein per sample) in order that the dilutions made 
lytes ^ ^^^’’’cnt to reduce the factors of urine ionic strength, non-electro- 
ble^f’ negligible proportions. The method is, however, applica- 

ced ^ cases of significant proteinuria. The simplicity of the pro- 
indicated by the fact that we have been able to complete nearly 
If^^ y®cs in an afternoon. 

to f ^ end-point is determined by the optical density change in a pho- 
rue ei , the method can be used for samples containing as little as 0.02 
“’g- of protein. 

* rpr 

jjj th phases of this work were started while the author was a Fellow 

® ledical Sciences of the National Research Council in 1945-46. 
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TTEIN'E PROTEIN CONCENTRATIONS 


Reagents 

Alkyldimethylbenzylaniinonium chloride,^ 0.1 per ceat solution in distilled 
water. The solutions have been found to be stable for at least 3 months. 
This solution will be referred to as “the detergent.” 

2 -Y NaOH. 


Procedure 


Preparation of Standard Curve Relating Amount of Added Detergent to 
Amount of Protein in Sample — Because of the uncertain composition of the 
detergents available it is essential that a standard curve be prepared relating 
the amount of added detergent to the amount of protein in the sample. For 
the present work a series of twelve urine samples was selected for use as a 
standard. The protein concentration of the urines was calculated from 
the difference between total nitrogen and nitrogen after precipitation of the 
proteins with an equal volume of 10 per cent trichloroacetic acid. The 
technique used for digestion and distillation was that described by Hiller, 
Plazin, and Van Slyke (4). Turbidity titrations were then carried out as 
described below; the results were plotted with the protein concentration as 
ordinates and the ml. of detergent used as abscissae. An example of a 
standard curve vdth human serum albumin is given in Fig. 1. 

Titration of Urine Proteins — 0.1 or 0.2 ml. of the urine samples containing 
0.4 or more mg. of protein is accurately pipetted into 2.5 X 10 cm. test- 
tubes, and 4 ml. of distilled water are added, followed by 0.2 ml. of 2 
NaOH. (The pH of the solution is approximately 13.) The detergent is 
then added from a 2 ml. burette, wdth swilling, until the appearance of a 
definite and permanent tui'bidity. This turbidity is most easily detected bj 
titrating against a black background and by having a beam of light passmg 
through the test-tube at right angles. Reproducibility may be insured by 
comparing with samples of the standards titrated previously, but after a 
few preliminary trials it will be found that the reproducibility of this 


* Unless otherwise specified, the results reported here have been obtains 
myristamidopropyldimethylbenzylammomium chloride (trade name, Aeroso 
manufactured by the American Cyanamid Company, 30 Rockefeller Plaza, r 
York 20. For use 1 ml. of the concentrated detergent is diluted to 500 m . la 
tilled water. We are indebted to the American Cyanamid Company 
samples of their product. Equally satisfactory and similar results have 
tained with cetyldimethylbenzylammonium chloride and dodecyldimethy 
ammonium chloride in 0.1 per cent solutions. These last two compounds are ^ 
able from the Onyx Oil and Chemical Company, Jersey City 2, New ' 

mixture of alkyldimethylbenzylammonium chlorides (alkyl = to j.'*New 

manufactured by the Winthrop Chemical Company, Inc., 170 1 arick S 
York 13, under the trade name Zephiran, may also be used in 0.1 per cen 
tration, though it is slightly less satisfactory. 
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turbidity end-point is no more dificult than in ordinary acid-base titrations 
with phenolphtlialein as an indicator. The mg. of protein present in the 
mple analj'zed are then calculated from a standard curve, estahlished 
om urines containing varying amounts of protein calculated from Kjeldahl 
detenninations. 

Calculalions—A standard curve relating ml. of detergent to protein con- 
intration is prepared as described above. The results for unlmowns are 
ad off the curve and the proper correction made for dilution of the urine. 


Results 

Standard Curve with Human Serum Albumin; Reprodueibihhj of Results— 
ig. 1 shows the relationship of the ml. of detergent lequiie to leac i e 
id-point and the mg. of human serum albumin present as determine y 
le Kjeldahl method. An average of six titrations iras earned ^or each 
oint of the cuiwe. The ml. of detergent added ® oon 

rd deviations for oacli iJoint were 0.519 ± . e" 

.019, 1.528 ± 0.011, 1.834 ± 0.020, 2.224 ± 0.022. ^<1 Jotted^ 

ig. 1 (the extension of the straight line through t ® ^ 

•ue end-point was overstepped by an the extended 

n the curve. The overstepping is equal to the A mteicep^ deter-^ent 

.raight line. This overstepping, equivalent to 0.18 “ , 
ilution, is due to the fact that the first appearance „ . turbidity 
iken as the end-point, but rather the appearance of ^ 
be reproducibility of which is indicated by the s an ai Deter- 

Comparison of Results Obtained brj concentrations of 

ents by Biuret Reaction— Iri Fig. 2 are plot P receiving 

rine of patients with the nephrotic syndiom , results ob- 

irge amounts of human serum albumin 
ained by turbidity titration 

mmonium chloride are plotted as oirdina e , ^ggp^ibed above under 

he biuret reaction (5) and the Kjeldahl me abscissae. Twelve 

‘Preparation of standard curve”) are p o ® calculate the equiva- 
^jeldahl determinations of urine protein Avere estimated 

ence of ml. of detergent and mg. of from these by the 

tandard deviation of results by the turln i y , fjtration results 
■kjeldahl method Avas ±3.71 per cent. o rnean for the 105 esti- 

vere calculated as per cent of the biuret ^ d deA-iation of ±4.8 

nations was 100.5 per cent, with an estimated standard 

• fUr.rp.^ults of turbidity titrations 

In another smaller series of eleven urines „o,,nds Avere compared with 

ivith other alkyldimethylbenzylammomim ^ni Greif and Beckman (5). 

results of the biuret reaction as applied by mier. 
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For myristamidopropyldimethylbenzylammoniimi chloride the mean was 
100.9 per cent of the biuret results, with an estimated standard deviation of 
±4.45 per cent; for cetyldimethylbenzylammonium chloi-ide the mean was 
100.6 per cent of the biuret results, with an estimated standard deviation 
of ±3.65 per cent; for dodecyldimethylbenzylammonium chloride the 



Fig. 1. “Standard curve” of human serum albumin titrated with myristaniido 
propyldimethylbenzylammonium chloride ( 1 : 500 ). 


mean was 99.6 per cent of the biuret results, -with an estimated standard 
deviation of ±4.59 per cent; and for Zephiran the mean was 
cent of the biuret results, with an estimated standard deviation of ± 0.0 - 
Relation of Optical Density to Amounts of Detergent Added to 
Albumin — ^Fig. 3 shows the result of adding increasing amounts of deterge 
solution to 0.2, 0.5, 1.0, and 1.5 mg. of human serum albumin under 1 



P. P. CraXARD 


1443 


conditions described under “Procedure.” The solutions were not made up 
to the same final volume, as it was desired to check the end-point used under 
the conditions of the estimations. The optical densities were measured in 
cylindrical cuvettes (12 X 75 mm. outside diameter) in a Coleman model 



Fig. 2. Comparison of results obtained by turbidity "r^JoHo^Ind'Se 

propyldimethylbenzylammonium chloride ( 1 : 500 ) by the lure 
Kjeldahl method. 


6 clinical spectrophotometer at X = 450 m//, within hbout 30 nimutea 
the addition of detergent to the first of a series. It will be seen that i 
optical density of 0.025 is taken as the end-point (this 
optical density used as the visual end-point foi the ata in lo*. ^ 
the number of ml. of detergent added to the samp e con aimno ^ 

amount of protein is not in proportion to the number o m . a 
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samples containing larger amounts of proteins. Therefore, if protein were 
calculated as directly proportional to the detergent added, one would 
somewhat overestimate the amount of protein present, especially for very 
small amounts of protein. That the estimated "equivalence” end-points 
are in reasonably good proportion (0.13, 0.30, 0.60, 0.90 ml. of detergent 
for 0.2, 0.5, 1.0, and 1.5 mg. of protein, respectively), however, confirms 
the stoichiometry of the procedure already demonstrated in Fig. 1. 



Fig. 3. Relation of optical density to amounts of detergent (myristamidopropy 
dimethylbenzylammonium chloride) added to solutions of human serum albumin. 
The arrows indicate the estimated “equivalence” end-points. 

Effect of pH — Fig. 4 shows the optical density curves obtained by adding 
varying amounts of detergent to the same amount of protein, namely 1- 
mg. of human serum albumin, at pH 7.0, pH 7.S, pH 9.2, respective y, 
under the conditions described under “Procedure” (pH approximately • 
Addition of 1 ml. of 2 n NaOH instead of 0.2 ml. results in a very s ig 
shift of the curve to the right. . , 

Other Detergents — A few other cationic detergents have been trie , 
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methylbenzyldodecylammoniuiT chloride, di- 

- jiar to those obtahiwi with the^dT^^’ give results sim- 

.! above. Tbe high molecuki- wei I, used as described 

.1 sutisfactoiyfor the Dresenc ® compounds are not 

■ opment o” 1 tnS ?hT ‘ku *vel- 

■ Wcaniteend.poi„, give 

P . Unsatisfactory results were also obtained with auN- 



Ml. cationic detergent 

titration curves of human serum albumin with myristami- 
Py <lin>ethylbenzylammonium chloride. 


chloride, and with cetylpyridinium 

£) o/ Optical Density to Amount of Detergent Added to Plasmas, with 

wenng Albumin and Globulin Concentrations — The method is not at 

plasma proteins, because they present some 
^ c ties not encountered in urine. Because of the turbidity present 
ore titration in some plasmas it is not possible in all cases to use the 
tsua end-point described above to estimate total protein in plasma. In 
oie preliminary e.xperiments with plasmas of varying albumin and globulin 
concentrations the optical density curves show good correspondence 
c ween ml. of detergent added to reach the “equivalence” end-point and 
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total protein present. Peculiarities appear in the titration curves in the 
presence of abnormally large amounts of 7 -globulins. Further work on the 
plasma proteins is under way. 


DISCUSSION 

While a considerable amount of work has been done on anionic and 
cationic detergent-protein complex formation, the exact nature of the 
process is not completely known. It is apparent from the work of Putnam 
and Neurath ( 6 ) that the cationic groups of proteins play a major role with 
anionic detergents at acid pH. Similarly at alkaline pH the negative 
charges of the protein molecules must play a major r61e with cationic deter- 
gents. It may be noted, however, that the detergents are protein denatur- 
ants (7) and under certain conditions act to accelerate protein hydrolysis 
( 8 ). Further, there is probably an unfolding of certain proteins in the 
presence of increasing amounts of detergents; native proteins cannot 
always be recovered quantitatively after e.xposure to the detergents ( 6 , 9). 

For the present work, a tentative working hypothesis (an extension of 
that of Polonovski and Macheboeuf (1)) is as follows: At pH 13, the 
carboxyl, phenolic, and sulfhydryl groups are all dissociated; there are still 
some positively charged guanidine groups, but the charges of the protein 
molecule are mainly negative. As detergent is added to the protein solu- 
tion, the positively charged quaternary ammonium ions are attracted to the 
negative charges of the protein molecule by Coulomb forces, van der Waals 
forces playing a r61e dependent on the substituents of the nitrogen of the 
detergent. As more and more of the negative charges of the protein are 
“neutralized” by the positively charged quaternary ammonium ions, the 
protein molecule becomes less and less polar until finally, at the so called 
"equivalence” end-point, aggregation of the protein molecules becomes 
possible through van der Waals forces. With further addition of detergent 
the non-polar portions of the added detergent become associated through 
van der Waals forces with the non-polar portions of the detergent ions 
attached to the protein, the protein-detergent complexes become positive y 
charged and repel each other, and dispersal of the aggregates then takes 
place. The N substituents in the detergent ions play a role in determining 
the extent of the van der Waals forces and may be responsible for the un 
satisfactory end-points obtained with the alkyltrimethyl, alkyldimetiy 
ethyl, alkylimidazolinium, and alkylpyridinium quaternary compoun s^ 
With the alkyldimethylbenzyl compounds the number of moles of detergen^ 
required to reach the “equivalence” end-point (Fig. 3) per mole 0 
serum albumin varies with the detergent used, though it is of the 01 e 
magnitude of the sum of the total free carboxyl, phenolic, and sim Y 
groups calculated from Brand’s data (10). Chain length of tie a 
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'' rf A similarity to the teas phenomenon 

'/ ® to produce aggregation. 

n any cu'-o, wlnitever tlie exact nature of tlic protein-detergent comple.x- 
J t . e\ ident t liat rea.sonably (luantitative results are obtainable by the pro- 
c^ure herein de.-criijed. A inelhod, to wliicli the present one is similar in 

a,e - *^y Lambert (11) for the volumetric 

' ° cationic detergents bj'- turbidity titration, ilaxi- 

nmm turbidity mea.Mired photometrically is used by Lambert as the end- 
pomt, rather than the appearance of a definite turbidity estimated visuallJ^ 
-e 0 ma.ximum turbidity i.s po.'.-aible for the estimation of proteins, but the 
a ( itional etiuipment reciuircd and the extra time and manipulations in- 
'o\e( vould reduce the advantages of the present procedure. The 
ec iniqiie dc.':cribcd by f.ambert takes about 5 times as long. 

SU.M.XUUIV 

A rapid .simple method for the estimation of urinarj’^ protein concentra- 
'ons is presented. The method depends on the formation of an insoluble 
complex between quaternaiy ammonium ions and proteins at pH 13. End- 
points are estimated visually' b}' the appearance of a faint but definite and 
permanent turbidity. The standard deviation was ±3.71 per cent from 
eterroinations by the Kjeldahl method in a series of twelve estimations, 
i n a series of 105 estimations, the standard deviation was ±4.8 per cent 
rom determinations by the biuret reaction. Several types of quaternary 
ammonium compounds have been tried; the most satisfactory for the 
present purposes are the alkyldimethylbenzylammonium group. A brief 
iscassion of the possible mechanism of the quaternary ammonium 
protein anion complex formation is given. 

It is a pleasure to acknowledge the help given by Dr. Hiller and Dr. G 
making available their biuret procedure before its publication. 
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USE OF THE IIYPOBROMITE REACTION FOR THE ESTIMATION 
OF AMMONIA PLUS UREA NITROGEN IN URINES CON- 
TAINING LARGE AMOUNTS OF PROTEIN; THE REAC- 
TION OF ALICVLINE HYPOBROMITE WITH PROTEINS 

By FRANCIS P. CIIINARD 
With thh Tecusical Assistance of Dora M. Newell 
(From the Hospital of The Rockefeller Institute for Hedieal Researeh. New York) 

(Received for publication, July 2S, 1948) 

Alkaline hypohalitcs have been in use for nearly 
timation of urea or of urea and ammonia nitiogen in j ..j „ 
Alkaline hypochlorite, first used by DaiT (D 8^. "-f 3'““^ “ 
years later by alkaline hypobromite as a result of Knop s no k (2). The 
Ni evolved in the folloivins reactions was measured volumetncally. 


NHs 


(1) 


0 = 0 + 30Br Nj + COj + SBr" + 2 H 2 O 


NH, 


( 2 ) 


2 NII 1 + + 40Br“ 


Ns + 4Br“ + 4HsO 


After Knop’s work there was^ a spate of mo 1 i.ea<^eiits, length 

modifications having to do with concentra 10ns occasionally iden- 

of reaction time, design of apparatus, e L jons finally culminated 

Ufication of interfering substances^ Jsi^rCS) as modified by Van Slyke 
in the manometric procedure of Van blyv \ J , ^ l^oth in this 

and Kugel ( 4 ). This method urine urea 

laboratory and elsewhere for the estuna 1 clearance 

nitrogen from which, with knowledge of 

can be calculated. approximate results are re- 

While reasonably satisfactory whe J ^ f^ct that the hypo- 
quired, the hypobromite methods all su .•n.i-ivp Alany other sub- 
bromite reaction is neither specific nor gome, such as guani- 

stances besides urea and ammonia evo ve o nitrogen in considerable 
dine and mono-substituted guanidines, peptides, in smaller 

amounts; others, such as amino acids, ami chiefly by their 

amounts. Proteins evolve N in amoun s concentrations occa- 

arginine content. In addition, glucose m ° (5 q). 

siouully present in the urine of diabetics can cause 1 
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Under the conditions of blood or plasma analyses, the hsnpobromite 
liberates approximately 98 per cent of the urea nitrogen; under the condi- 
tions of the urine analyses, hypobromite liberates approximately 95 per 
cent of the urea and ammonia nitrogen (3, 4). In the case of blood or 
plasma, the presence of non-urea N-evolving substances in the filtrates 
requires that a subtractive correction be applied to the calculated results; 
in the case of urine, one depends on the evolution of nitrogen from non- 
m-ea or ammonia substances to compensate approximateb’’ for the deficit of 
5 per cent in the nitrogen evolved from the urea and ammonia (3). In 
some cases, horvever, and especially when protein is present, the evolution 
of nitrogen instead of approximately compensating may introduce a posi- 
tive error as high as 30 per cent. TlTiile it is possible to correct appro-u- 
mately for the protein error if the protein concentration in the urine is 
known, it is preferable to remove the proteins before doing the analyses. 

It is the purpose of the work reported here to present some additional 
data on possible sources of error inherent in the hypobromite procedure as 
at present applied (3, 4) and to describe an obvious means of circiunventing 
the protein error. In addition, the reaction of alkaline hypobromite with 
certain proteins and compounds will be described briefly. 

Removal of Proteins from Urine 

The zinc hydroxide procedure of Somogyi (7) is used because it has 
been found to be effective in removing some of the interfering substances 
of blood as well as proteins (4). 

Reagents 

Acid zinc sulfate solution. 12.5 gm. of ZnSOj-THaO are dissolved in 
125 ml. of 0.25 N H;S 04 and diluted to 1 liter. This solution is used for the 
precipitation of proteins from whole blood. For urine and plasma 100 ml- 
of this solution are diluted to 212 ml. with water. 

0.75 -V XaOH. When 50 ml. of the zinc sulfate solution for nhoe 
blood are titrated with 0.75 n NaOH, with phenolphthalein as indicator, 
6.7 to 6.8 ml. of the allcali should be required. The solution is aha 'en 
vigorously during the titration. 


Procedure 

For urine containing less than SO gm. of protein per liter, 1 ml. ^ 
is pipetted into a centrifuge tube, and 8.5 ml. of the zinc sulfate ^ ^ 
for urine or plasma are added, followed by 0.5 ml. of the 0.75 n i a 
The tube is stoppered, shaken vigorously, and allowed to stan or 
minutes. It is then centrifuged for 10 minutes at 2000 b.p..u. or more 
cm. radius). The sirpernatant solution is then filtered thi’ough a p e o 
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of washed cotton placed in the stem of a funnel, and aliquots are taken for 
analysis. A blank analysis is run on 0.9 per cent NaCl to correct for the 
non-urea nitrogen-liberating substances in the cotton and the reagents. 

For urine containing SO or more gm. of protein per liter, 0.5 ml. samples 
of urine are taken, and 0.5 ml. of distilled water is added to each. The 
diluted urines are then treated as above. 

Details concerning manometric determination of urea in the filtrates 
and the factors used in calculations are given in the original publi- 
cations (3, 4). 


Table I 


Comparison of Xilrogcii Evolved from Urines Containing Protein and Protein-Free 

Filtrates of Same U rines 


Urine Xo. 

X before 
protein removal 

(a) 

X after protein 
removal 

(fi) 

M - (6) 

(a) as per cent 
of (6) 

Protein^ 

concentration 

1 

2 

3 

4 

3 

0 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

sm. per 1. 

2. 338 
0.734 
2.038 
2.250 

6.050 
5.340 
0.021 
2.568 
5.635 
7.850 
4.829 
1.965 
7.100 
2.937 
7.278 
5.418 
2.803 

2.051 
4.714 
7.108 

£ni. per t. 

1.908 

0.606 

1.574 

1.908 

5.710 

5.162 

0.487 

2.481 

5.371 

7.468 

4.680 

1.882 

6.780 

2.858 

7.175 

5.198 

2.698 

1.915 

4.554 

6.823 

£W. per t. 

0.430 

0.128 

0.464 

0.342 

0.340 

0.178 

0.134 

0.087 

0.264 

0.382 

0.139 

0.083 

0.320 

0.079 

0.103 

0.220 

0.105 

0.146 

0.160 

0.185 

122.6 

121.1 

129.6 
118.0 
106.0 

103.4 

127.6 

103.6 

104.9 

105.1 

103.2 

104.4 

104.7 

102.8 

101.4 

104.2 

103.9 

107.1 

103.5 

104.1 

gm. per t. 

57.5 

17.3 

59.5 

35 . 0 ' 

35.0 

28.0 

15 . a 

12 . 0 - 

36.0 

60.5 

18.0 

6.7 

39.5 

3.6 

4.6 

18.0 

10.4 

38.6 

13.0 

27.9 


'Comparison of N Evolved from Urine Containing Protein and from Protein 
Free Filtrates of Same Unnes 

Table I shows the differences in N obtained 

ind protein-free filtrates of the same ui i receiving 

trom patients with the nephrotic syndrom , Tpriprallv sneaking, 

large doses of human serum albumin intravenously TZZ 

unless the urines are from patients receivmg serum albumm plae 
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intravenously, urine protein concentrations will not exceed 25 to 30 gm. 
per liter, provided the urine flow is reasonably high (1 or more ml. per 
minute). If, however, the patient’s urine flow is small (less than 1 ml. per 
minute), then the urine protein concentration may rise to 40 or 50 gm. per 
liter. The urine protein concentrations were calculated from nitrogen 
determinations done by the micro- or macro-Kjeldahl procedures of Hill er, 
Plazin, and Van Slyke (8). The total nitrogen was determined directly, 
the non-protein nitrogen was determined after removal of the proteins by 



Fig, 1. Relationship of concentration of urine protein to difference in N evolved 
from urines and protein-free filtrates. 

precipitation with equal volumes of 10 per cent trichloroacetic acid, and the 
protein nitrogen was calculated from the difference. It will be noted that 
the errors due to protein are all positive and vary from -fl.4 per cent to 
4-29.6 per cent. The magnitude of the percentage error is determined } 
the ratio of the protein N evolved by hypobromite to the N evolved from 
the urea plus ammonia, not by the absolute amount of protein present. 
Tig. 1, in which protein concentration is plotted against the difference m 
ISI evolved before and after removal of the proteins, shows that there m 
considerable scattering. A correction made on the basis of the data, o 
Table I would be approximate, though adequate for clinical 
Tig. 1 is to be compared with Tig. 2 which shows, from analyses o 
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albumin solutions, the relatively close proportionality of N evolved tn 
^ albumin present under the conditions of routine urine analyses when other 
y N-evolving substances are absent. An additional point is that, in protein- 
. free urine from normal individuals, treatment of the urine with the So- 
mogyi reagents resulted in lower values for urea plus ammonia N than in 
untreated urine; this effect is presumably due to precipitation of interfering 
substances other than protein. 

It may be noted here that the reaction of alkaline hypobromite with 
proteins and amino acids is not restricted to the guanidino group of the 
arginine; tyrosine is brominated, free amino groups react, and there is also 
reaction with peptide groups (see, for example, Goldschmidt et al. (9, 10)). 
These reactions occur with little or no evolution of N. The result is that 
much more hypobromite is used up in reaction with proteins than would be 
expected from the N hberated. This fact becomes of importance when the 
protein concentrations are very high, because the reaction with protein 
may not leave enough hypobromite to give the expected N yield from 
urea. This effect has been found in a few cases in which the urine was 
not sufficiently diluted before analysis; less N was evolved per aliquot of 
urine than after greater dilution. If protein-free filtrates are used, error 
from this effect of excess protein is avoided. 

Evolution of N from Various Proteins 

. The evolution of N from human serum albumin was studied in some 
k detail. Under the conditions of the routine urine analyses (3, 4) (2.5 
minutes reaction time measured from the moment of addition of the 
alkaline hypobromite to the moment the solution was brought to the 2.0 
ml. mark of the gas chamber for reading the volume), a reasonably stoichio- 
metric relationship was found between mg. of N evolved and mg. of pro- 
tein present, as illustrated in Fig. 2. It was found, however, that if the 
reaction time was prolonged beyond 2.5 minutes more nitrogen was evolved, 
though at a much slower rate than during the first 2.5 minutes. An 
example of the time course of the reaction is given in Fig. 3 for 20.0 mg. of 
human serum albumin (Curve A), and for 18.35 mg. of bovine T-globuIin 
(Curve B). Similar curves were obtained with edestin and gelatin. 

Because arginine is the only guanidine derivative reported in proteins 
in appreciable amounts, it was thought that the N evolved from intact 
proteins by alkaline hypobromite might give a measure of the arginme 
) content of those proteins. It was found, however, in the few proteins 
examined that less N was evolved than was calculated froni the argi^e 
contents. While the results were quite reproducible provided the reaction 
times were the same, in no case was the calcula,ted^ amount o i evo ve . 
The data in Table II were obtained from proteins in aqueous solutions ot 
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Fig. 2 
minutes. 


Fig. 3 
18.36 mg. 


HYPOBROMITE REACTION FOR URINE NHj AND UREA N 



Human sepum albumin concentpation 
in grams per liter 

. Evolution of N from various amounts of human serum albumin in 2.5 



. Evolution of N from 20.0 mg. of human serum albumin (Curve A) and from 
of bovine 7-globulin (Curve B) . 
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approximately i per cent concentration, and the results were calculated 
on the basis of total protein X as determined by macro-Kjeldahl analysis 
(S). The values for arginine X content were taken from tables published 
by Chibnall (11) and Brand (12) and were not determined by analysis of 
the protein preparations used in these experiments; for this reason the data 
should be considered as prcliminaiy. 


Table II 

hiohition of ilrogcn from Various Prolans by Alkaline Hypohromiie 


Piotcia 

* Protein N 
} m sample 

1 

Calculated 
arginine N 
' m sample 

1 (6) 

Calculated N 
ctolvable b> 
hypobromite* 

(0 

N evolved b> 
hypobromite 
m 2 5 mm 

(d) 

N evolved 
as per cent 

01 (c) 


1 

1 «‘S 

ms 

ms 


Human serum albumin. . . 

,...| 3 190 

1 0.3990 

0 1894 

0 1220 

64 4 

Gelatin 

. .. 3 102 

0 5175 

0.2459 

0 2373 

92 9 

Edestin 

...1 3404 

1 

0 9820 

0 4661 

0 3745 

SO 3 


* Calculated X corrected for 5 per cent deficit in X evolved from urea and argi- 
nine under the conditions used for the analysis. Calculated arginine X is based 
on data of Brand (12) for human serum albumin. For gelatin and edestin, calcula- 
tions are based on data assembled by Chibnall (11). 


Evolution of N by Hypobromite Reaction from Guanidine, Guanidine Deriva- 
tives, Amino Acids, and Other Compounds 

Under the conditions of the routine urinalysis, many substances besides 
proteins were found to evolve N when they reacted with alkaline hypo- 
bromite. In particular, guanidine and its derivatives of the type RiRj- 
N— C( = NH)— NHo (where Ri and Re may be H, alkyl, or aryl groups) 
give off nearly two-thirds of their guanidine nitrogen. Of such a type are, 
for example, arginine, methylguanidine, creatine, and guanidoacetic acid, 
and of a similar type are dicyandiamide and guanylurea. The evolution 
of N from the guanidino groups is quite rapid with these compounds and is 
complete or nearly complete in the 2.5 minutes required for urine analysis. 
Another group of substances, aliphatic diamines, evolve N at a slower but 
still appreciable rate. Pentamethylene- and hexamethylenediamine, orni- 
thine and lysine evolve about 3 per cent of their total nitrogen in 2.5 
minutes, and about 10 per cent of their total nitrogen in 10 minutes. 
This evolution of nitrogen may stem from nitrile formation, ring closure 
to form an amidine, and reaction of this latter group with more hj'’po- 
bromite. In contrast, monoamino-, mono-, or dicarbo.xylic acids, aspara- 
gine, glutamine, and creatine evolve practically no N in the routine 
tion time. Glutathione evolves slightly less N per mole than do the 
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diamines. Mono-N-substituted ureas evolve nearly one-half their total 
urea nitrogen. 

In addition to the above nitrogen compounds, glucose also evolves gas 
Avhich is measured as N in the routine analyses. A 1 per cent solution of 
glucose evolves an amount of gas equivalent to approximately 0.024 gm. 
of jST per liter. Hence the hypobromite method should not be employed 
for analyses of urine from diabetics. 

DISCUSSION 

The sources of error and their significance are apparent from the above 
paragraphs. Of ancillary interest is the finding that not all of the arginine 
guanidino groups in proteins appear to be available for reaction with 
alkaline hypobromite under the condition used; this suggests that some of 
these groups may be involved in linliages and are therefore not free. (There 
is little likelihood that this effect is due to exhaustion of the OBr" because 
of the proportionality of the results with different amounts of protein. 
The expected N is evolved from protein-urea mixtures.) Similar observa- 
tions have been made in the case of egg albumin by Goldschmidt et al. 
(9) ; in this protein even after a 4 hour exposure to hypobromite, there was 
still some intact arginine which could be demonstrated, suggesting that 
the arginine linliages in proteins were not all identical and that some of the 
guanidino groups were protected. Of similar import are the observations 
of Roche and his collaborators (see, for example, (13)) who have used the 
Sakaguchi reaction on intact proteins and found less color developed 
than would be expected from the total arginine content of the proteins 
examined. In addition, Simms has suggested, from the evidence offered by 
his titration curves of certain proteins, that some of the arginine guanidino 
) groups are somehow linked to other portions of the protein molecule (14) • 
Further work is under way at present on the reaction of hypobromite with 
proteins and guanidine derivatives; preliminary experiments suggest that 
the hypobromite reaction may be of some use for rapid semimicroestima- 
tion of arginine in protein hydrolysates (c/. (15)). 


SUMMARY 

Under the conditions used for gasometric determination of urea and 
ammonia by the hypobromite reaction, the greater part of the guanidino 
groups in proteins reacts with evolution of nitrogen gas. In urine wi 
high protein concentration {e.g. 30 or more gm. per liter) the nitrogen gas 
evolved from the proteins may cause a plus error of as much as 30 per 
cent in the urea determination. This error can be prevented by pro mu 
nary removal of the proteins by Somogyi’s zinc hydroxide precipitation. 

The reaction of hypobromite with human serum albumin, bovine y 
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globulin, edestiu, and gelatin has been studied with regard to its time 
course and evolution of total nitrogen gas. The final amounts of nitrogen 
gas evolved were from 64 to 93 per cent of that which would be evolved 
b}'- the guanidino groups of arginine in the amounts reported to be present 
in these proteins. It appears that some of the guanidino groups in the 
protein molecules are not free to react with allcaline hypobromite. 

The reactions of other substances with hypobromite have been reviewed. 
Glucose, if present in more than 2 per cent concentration, will cause evolu- 
tion of enough gas to produce a significant positive error in determination 
of urine urea. 

BIBIilOGRAPHY 

1. Da\w, E. W., Phil. Mag., 7, 3S5 (1854). 

2. Knop, W.. and Wolf, W.. Chem. Zent., 6, 257 (1860). 

3. Van Slyke, D. D., J. Biol. Chem., 83, 449 (1929). 

4. Van Slyke, D. D., and Kugel, V. H., J. Biol. Chem., 102, 489 (1933). 

5. Esbach, G., Compl. rend. Acad., 89, 417 (1879). 

6. Krogh, M., Z. physiol. Chem., 84, 379 (1913). 

7. Somogi-i, .M., J. Biol. Chem., 86, 655 (1930). 

8. Hiller, A., Plazin, J., and Van Slyke, D.D., /. Biol. Chem., 176, 1401 (1W8). 

9. Goldschmidt, S,, Wolff, R. R., Engel, L., and Gerisch, E., Z. physiol. Chem., 189, 

193 (1930). 

10. Goldschmidt, S., Wibcrg, E., Nagel, F., and Martin, R., Ann. Chem., 466, 1 (1927) . 

11. Chibnall, A. C,, J. Inlcrnal. Soc. Leather Trades’ Chem., 30, 1 (1946). 

12. Brand, E., Ann. New York Acad. Sc., 47, 187 (1946). 

A , 13. Roche, J., and Blanc-Jean, G., Compt. rend. Acad., 210, 681 (1940). 

14. Simms, H. S., J. Gen. Physiol., 14 , 87 (1930). 

15. Tsuverkalov, D. A., Biokhimyia, 9, 101 (1944). 




LETTERS TO THE EDITORS 


TflE USE OF LACTOBACILLUS LEICHAIANNII IN THE 
illCROBIOLOGICAL ASSAY OF THE “ANIMAL 
PROTEIN FACTOR” 

Sirs: 


During the course of isolation studies on the “animal protein factor” 
we have employed a microbiological assay method to follow its separation 
and purification from various naturally occurring crude materials. Specific 


Cdnccnttaic pet tube 

0.1 N add produced 

y 

m/. 

0 

3.20 

0 

3.30 

0.005 

4.45 

0.010 

5.65 

0.015 

6.80 

0.020 

8.65 

0.030 

10.50 


.V Medium: The 100 ml. double strength medium contains 1.0 gm. of acid -hydrolyzed 
norit'treated casein {Univ. Texas Pub., No. 4^37, 82 (1941)); 20 mg. each of trypto- 
phan and cystine; 1 mg. each of adenine, guanine, .xanthine, and uracil; 1 ml, each of 
Salts A, Salts B (Snell, E. E., and Wright, L. D., J. Biol. Chem., 139, 675 (1941)); 
1.2 gm. of sodium acetate; 4 gm. of glucose; 1 r of biotin; 400 r of pyrido.xine; 400 y 
of pyridoxal; 200 y each of riboflavin, thiamine, pantothenic acid, nicotinic acid; 
100 y of folic acid; 0.2 ml. of Tween SO and 500 mg. of norit-treated tryptic digest of 
casein. (The casein digest is prepared as follows: 25 gm. of Labco casein are sus- 
pended in 250 ml. of O.S per cent NaHCOs and incubated under benzene with 0.5 gm. 
of trypsin for 48 hours. After digestion, the material is autoclaved 15 minutes and 
filtered. The filtrate is taken to pH 2.0, stirred 1 hour with 10 gm. of norit A, and 
filtered. The pH of the filtrate is then adjusted to 6.6 to 6.8.) Inoculum: 0.1 ml. of 
24 hour culture of L. hichmannii grown in 1 per cent tryptose milk tube suspended 
in 10 ml. of saline. Sterilization: Autoclave 15 minutes at 120°. Incubation: 37° 
for 24 hours for turbidimetric determination or 72 hours for titrimetric deter- 
mination. 

data shomng the excellent correlation obtained between the microbiological 
and mouse growth^ assay methods for the “animal protein factor” will be 
published at a later date. 

» Bosshardt, D. K., Paul, W. K., O'Doherty, K., Huff, J. W., and Barnes, R. H., 
Abstracts, American Chemical Society, 113th meeting, 22C (194S). 
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The organism employed in the microbiological assay is Lactobacillus 
leichmannii (ATCC 4797). Its response to a highly purified preparation, 
prepared in these laboratories, demonstrated to have “animal protein 
factor” activity in the mouse, is shown in the table. Using the basal 
medium and the conditions described in the table, we routinely have 
obtained highly satisfactory assay results \vith L. leichmannii for over a 
year. 

Recent reports from the Merck laboratories" have indicated that the 
“animal protein factor” is identical with or closely related to vitamin 
Bi 2 . If such is the case, it is probable that L. leichmannii may be the 
organism of choice for the microbiological assay of vitamin B 12 . The 
complex growth requirements of L. lactis (ATCC 8000), currently employed 
as the assay organism for vitamin B 12 ,® have made its use in routine pro- 
cedures difficult and unpredictable. We have found that both organisms 
will respond to purified liver preparations (shoum to be active as “animal 
protein factor” in mice) and similarly to relatively large amoimts of thy- 
midine.^ The effects of ascorbic acid and air, as reported by Shive et al.^ 
for L. lactis, have been demonstrated with L. leichmannii. Autoclaving 
the tests for 15 minutes at 120° minimized the effects of ascorbic acid and 
air, but the growth stimulation by thymidine must be considered in the 
interpretation of results, particularly when crude materials are assayed. 


Department of Nutrition and Biochemistry 
Medical Research Division 
Sharp and Dohme, Inc. 

Glenolden, Pennsylvania 


Helen R. Seeggs 
Jesse W. Huff 
Lemuel D. Wright 

Dawd K. B0SSH.1.RDT 


Received for publication, August 25, 1948 


= Ott, W. H., Rickes, E. L., and Wood, T. R., J. Biol. Chem., 174, 1047 (194S). 

3 Short, M. S., Science, 107, 396 (1948). 

< Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., in press. 

® Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. Soc., 70, 2614 (1948). 


CONCERNING THE MECHANISM OF THE MAMMALIAN 
CONVERSION OF TRYPTOPHAN INTO 
NICOTINIC ACID* 


Sirs: 


The mechanism of the conversion of tryptophan to nicotinic acid in- 
volving kynurenine and 3-hydroxyanthranilic acid as intermediates, has- 
been demonstrated in Neurospora,^ and confirmatory feeding experiments- 


/\ 




-CHjCHCOOH 


NHi 


H 



in rats have been reported recently.- We have shown® that tr 3 T)tophan- 
i3-C“ is directly converted into kynurenine in the intact mammal, but, 
-“"because the labeled carbon atom was lost, it was necessary (by other means); 
to establish its further conversion to nicotinic acid. 


Compound 

Specific activity, counts per min. per mg. 


2740 


0.75 


2.0 (2.2 calculated) 

Barium carbonate from decarboxylation 

1.3 (1.2 “ > 


We have now synthesized^ DL-tryptophan-3-C*^, and have shown that 
the conversion proceeds in the same fashion in the rat as m eurospora. 


* This paper is based on work performed under contract W-7405-eng-4S ^th 

the Atomic Energy Commission in connection ^^h the Rajatmn 
University of California, Berkeley. We are also indebted to the Rockefeller Founda- 
tion for support. , , nojs'i 

1 Mitchell, H. K., and Nyc, J. F., Proc. Nat. Acad. *., 34, 1 ( J. 

= Albert. P. W.. Scheer. B. T., and Deuel, H. J., Jr. B^ol 

• Heidelberger, C., Gullberg, M. E., Morgan, A. F., and Lepkov y, 

UAein., 176, 471 (1948). 

‘ Heidelberger, C., unpublished material. 
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The tryptophan (226 mg.) was fed to three rate by stomach tube, and 
the 24 hour urines were passed through a pernjutit column. The N- 
methylnicotinamide (750 y) was eluted with KCl,^ 76 mg. of carrier N- 
methylnicotinamide chloride were added, and the picrate was formed and 
purified. The amide was freed of picric acid and converted with HCl 
in a sealed tube into nicotinic acid, which was purified and decarboxylated 
catalytically. The specific activities are shown in the table. A significant 
observation is that the carbon atom, which is a precursor to the carbo.xyl 
group of the hydro.xyanthranilic acid, becomes the carbo.xyl carbon of 
nicotinic acid. 

Department of Chemistry and the Radiation 
Laboratory and the Division of Poidtnj 
Husbandry 

University of California 
Berkeley 

Received for pahlicatwa, Septenihet 2.-t, 144S 

^ Hochberg, M., Melnick, D., and Oser, B. L., J. Biol. Chon., 158, 265 (1945).^ 

® Present address, Mc.\rdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison 6, Wisconsin. 

’’ On leave from the Sir William Dunn School of Pathology, University of O.vford, 
England. 


Charles Heidelbeegeb’ 
Edward P. Abraham' 
Samuel Lepkovsky 


THE EFFECT OF DISSOCIATION IN LACTOBACILLUS LACTIS 
CULTURES ON THE REQUIREiMENT FOR VITAI^IIN Bi,* 

Sirs: 

Although Laciobacillus laclis Domer (American Type Culture Collec- 
tion No. SOOO) is stable in its requirement for both vitamin B12 (LLD 
factor) and the tomato juice (TJ) factor when cultured on a tomato juice- 
yeast e.xtract-skim milk mediiun, the culture undergoes dissociation^ when 
serial transfers are made on the usual yeast extract-glucose agar, with or 
without added tomato juice. Variants produced on this stock agar may 
grow in the amino acid assay medium with the tomato juice supplement 
only, and one isolated variant required no supplement when the concen- 
tration of the amino acids was doubled. n-Histidine was responsible for 
a large amount of this growth. 

The medium used in the assay of the LLD factori • ^ and in connection 
with the isolation of vitamin Bjo' is that of Baumgarten et al.,^ modified 
by the addition of all the B vitamins at 10-fold concentration, except 
biotin and pteroylglutamic acid, which are used at 0.05 7 per 10 ml. Ade- 
nine, guanine, uracil, and xanthine are added at 0.1 mg., and 0.5 ml. of 
clarified tomato juice (TJ factor) is used routinely. An extremelj'' small 
iuocukun of twice washed culture is used. 

^ The assay as outlined above works well with the stabilized culture and 
purified liver extracts or crystalline vitamin Br:, but erratic results may 
be obtained with the dissociating culture or with some cmde materials 
because of the presence of inhibitory substances.- ■ ® The inhibition has 
been found to be due, in part, to high concentrations of folic acid. High 
levels of serine, p-aminobenzoic acid, xanthine, hlnSO^, NaCl, and FeSOj, 
under certain conditions, also inhibit growth. 

Culture filtrates of Laciobacillus casei, Sireplococcus faecalis R, and 

* Scientific paper Xo. .\21-1. Contribution No. 2134 of the Maryland Agricultural 
E.\perinjent Station (Department of Poultry Husbandry). This study was supported 
in part by a grant from Merck and Company, Inc., Rahway, New Jersey. 

> Braun, W., Bad. Rev., 11, 101 (1947). 

2 Shorb,M. S.,J.Biol. C/iem., 169,455 (1947). 

^ Shorb, M. S., Science, 107, 397 (1948). 

*Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 
Science, 107, 396 (194S). 

® Baumgarten, W., Garey, J. C., Olsen, M. J., Stone, L., and Boruff, C. S., J. Am. 
C/iem. Soc., 66, 1607 (1944). 

« Shorb, M. S., J. Bad., 53, 669 (1947). 
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Escherichia colt and fresh chicken droppings (frozen for 24 hours) have a 
low vitanain B 12 activity. 

Department of Poultry Husbandry iL\BT S. Shobb 

University of Maryland G. M. Briggs’ 

College Park, Maryland 

Received for publication, September 24, 194S 

’ Present address, Division of Poultry Husbandry, University of Minnesota, St. 
Paul, Minnesota. 



A 


RESPONSE OF LxVCTOBACILLUS LEICHMANNII 313 TO THE 
ANTIPERNICIOUS ANEMIA FACTOR 

Sirs: 

Recent observations ^ • - have shown that thymidine has a growth- 
stimulating effect upon Laciohacillus laclis Dorner under conditions in 
which growth is also promoted by vitamin Thymidine has also 

been found to promote the growth of Laciohacillus leichnannii 313.° Ac- 


x\ddiUon pet ml. basal medium 

Optical density 

None 

my 

0.06 

APA factor 

0.0005 

0.04 


0.0015 

0.06 


0.005 

0.12 


0.015 

0.20 


0.03 

0.37 


0.15 

0.62 


0.5 

0.97 


1.5 

1.17 


5.0 

1.17 

Liver extract, injectable 

c. 

0.005 

0.17 

/ 

0.015 

0.34 


0.05 

0.60 


0.15 

0.86 


0.5 

1-17 


cordingly, the effect of a sample of crystalline antipernicious anemia 
factor (APA factor) was tested with this organism, with a basal medium 
similar to that described by Snell and coworkers.° A final volume of 2 or 
4 ml. and an incubation temperature of 37° were used. Readings were 
made at 14 hours with the results given in the table. 

In other experiments higher levels of liver extract did not produce 
growth in excess of the maximum growth obtained with the APA factor. 
Half maximum growth was obtained with 0.25 to 0.5 7 of thymidine per 

‘ Sbive, W., Ravel, J. M., and Eakin, R. E., J . Am. Chem. Soc., 70, 2614 (1948). 

^ Wriglit, L. D., Skeggs, H. R., and Huff, J. W., J . Biol. Chem., 175, 475 (1948). 

3 Riokes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K.> 
Science, 107, 396 (1948). 

* Shorb, M. S., Science, 107, 397 (1948). 

5 Snell, E. E., Kitay, E., and McNutt, W. S., J. Biol. Chem., 175, 474 (1948). 
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ml.® When pteroylglutamic acid and p-aminobenzoic acid were omitted 
from the culture medium, the organism did not respond to the APA factor. 
Increasing the level of pteroylglutamic acid up to 50 7 per ml. of culture 
medium did not permit growth in the absence of the APA factor. 

The results indicated that Lactobacillus leichnannii 313 may be a sensi- 
tive test organism for the crystalline antipernicious anemia factor, and 
that liver extract produced a similar response. 

Lederle Laboratories Division C. E. Hoffiiann 

American Cyanamid Company E. L. R. Stokstad 

Pearl River, New York A. L. Fkankun 

Thomas H. Jukes 

Received for publication, September 29, 1948 

® Samples of thymidine were kindly furnished bj’’ Dr. W. Shive and Dr. D. W. 
Woolley. 



THE SITE OF CONVERSION OF CAROTENE TO VITAMIN A* 
Sirs: 


In a recent paper^ from this department evidence was presented that 
one site of conversion of carotene to vitamin A in the rat was the intestinal 
wall. Since the analytical method used in these experiments was the Carr- 
Price reaction wliich is not specific for vitamin A, it was felt that the 
qualitative identification of vitamin A in the intestinal wall of the rat would 
strengthen the conclusions dra^vn. The purpose of this paper is to present 
such evidence. 



WAVE LENOTH,'innf-». 

Fig. 1. The absorption curves of nitamin A alcohol and the fluorescent material 
of the intestinal tract. 


Ten vitamin A-deficient rats were given 0.5 ml. of cottonseed oil con- 
taining 1200 7 of carotene^ and 0.5 per cent tocopherol by stomach tube. 
At the end of 4 hours the animals were sacrificed and the intestinal tracts 
removed. This time interval was chosen, since in the previous experi- 
ments it was found that at the end of this period the vitamin A leve in 
the intestinal wall had attained its maximum value. Although vitamin A 


* Aided by a grant from the Nutrition Foundation, Inc. The author wishes to 
express his appreciation for the use of the facilities of the Hancock Foundation. 
Contribution No. 185 from the Department of Biochemistry, University of Southern 

1 Mattson, F. H., Mehl, J. W., and Deuel, H. J., Jr., Arc/t. Bwchem., 16, 6o (194/ ). 
Obtained from General Biochemicals, Inc., Chagrin Falls, Ohio. 
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is also present in the liver at that time, the amount in the intestinal wall 
exceeds that in the liver. The contents of the intestines were flushed out 
with 0.9 per cent sodium chloride and the intestines combined into one 
sample. The sample rvas saponified rvith alcoholic KOH and extracted 
with Skellysolve A. The petroleum ether w'as then extracted three times 
with 90 per cent methyl alcohol. In this way most of the rdtamin A is 
extracted by the methyl alcohol, leaving the carotene in the Skellysolve. 
Sufficient water was then added to the methyl alcohol solution to reduce 
the concentration of alcohol to approximately 50 per cent. This was then 
extracted wdth Skellysolve B. The Skellysolve was dried with anhydrous 
sodium sulfate and reduced to a small volume in a stream of nitrogen. 
This W’as placed on a column of 1:1 magnesium o.xide-Hytto and the chro- 
matogram developed with Skellysolve B. The fluorescing band was 
separated mechanically and eluted with Skell 3 fsolve B containing a small 
amount of ethyl alcohol. The absorption curve of this fluorescing band 
W’as determined on the Beelrman spectrophotometer. These results 
with those determined on vitamin A alcohoP are sliown in the graph. A 
mixed chromatogram of vitamin A alcohol and the fluorescent material 
isolated from the intestines gave a single fluorescing band on a column of 
magnesium o.xide and Hyflo with Skellysolve B as the solvent and de- 
veloping agent. 

Since the material isolated from the intestines of the rats e.xhibited 
fluorescence, possessed an absorption curve similar to that of vitamin A, 
and shoAved a single fluoi'cscing band in a mi.xed chromatogram with vitamin 
A, it is reasonably certain that vitamin A is present in the intestinal wall 
of rats 4 hours after supplementing with carotene. 

Department of Biochemislnj and Nutrition Fked H. JLvrrsox 

University of Southern California School of 
Medicine 

Los Angeles 

Received for publication, October 4, 194S 

’ Obtained from Distillation Products, Inc., Rochester, New York. 

< Present address, The Procter and Gamble Company, Cincinnati, Ohio. 



Sirs: 


OXIDATION IX VIVO OF EMULSIFIED RADIOACTIVE 
TRILAURIX ADMINISTERED INTRAVENOUSLY* 


^ Studies conducted in this laboratory have clearly shown that fat in- 
jected intravenously in an emulsified form is utilized for energy by the 
dog.‘ The rate of disappearance of such fat from the blood of various 
species has been found to_ be very rapid.- In order to determine how 
rapidly such fat is metabolized in vivo, use has been made of an emulsion 
which contained radioactive trilaurin. The radioactive lauric acid present 


Excretion of C^'Oi by Eat followiny Intravenous Injection of 
Emulsified Trilaurin ( — C“00 — ) 


Simple No. 

Time of collection 

Specific activity* 

Injected C** activity 

Per sample 

Total 

expired 


mm. 

mtn. 


Per cent 

1 

10 

10 

4100 

2.76 

2 

10 

20 

7560 

7.23 

3 

15 

35 

9060 

15.77 

4 

20 

55 

7910 

25.39 

5 

35 

90 

7220 

40.01 

6 

40 

130 

5510 

51.31 

7 

35 

165 

3580 

58.43 

8 

35 

200 

2640 

63.78 

9 

35 

235 

2050 

67.18 

10 

35 

270 

1670 

70.85 


* Specific activity = counts per minute per mg. of CO 2 carbon. 


in the trilaurin contained in the carboxyl group, and the trilaurin was 
made by direct esterification.® An emulsion was made containing 0.6 
gm. of coconut oil, 0.4 gm. of the trilaurin, water, dextrose, and stabilizers, 
and made up to a total volume of 20 ml. This product was sealed in 
glass ampules under N 2 and sterilized by autoclaving. 

Although a number of metabolic studies have been carried out, onlj’- 
one typical example will be described here. A non-fasted female rat 

* Supported in part by grants-in-aid from the Nutrition Foundation, Inc., the 
Milbank Memorial Fund, The Upjohn Company, and the National Dairy Council. 

^McKibbin, J. M., Ferry, R. M., Jr., and Stare, F. J., J. Clin. Invest., 25, 679 
(1946). 

® Geyer, R. P.,Mann, G. V., and Stare, F. J., J. Lab. and Clin. Med., 33, 175 (1948). 

® Details concerning the syntheses and emulsification techniques will be described 
in a more complete paper now in preparation. 
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weighing 270 gm. was anesthetized lightly wnth ether and was injected 
intravenously through a tail vein wdth 3.9 ml. of the above emulsion. The 
animal was immediately placed in a respirometer chamber and serial 
samples of expired CO 2 were collected in 1 n NaOH. Total COo deter- 
minations were made by the Van Slyke manometric technique, and radio- 
activity assays were made on BaCOs samples prepared from the alkali- 
carbonate solution. Preparation of the samples and counting were 
accomplished according to the method described by Olson et ah* The results 
are given in the accompanying table. 

Essentially the same results Avere obtained with animals fasted 24 
hours. From these data it is apparent that properlj^ emulsified fat is 
utilized immediately for energy following its intravenous administration. 

Department of Nutrition, Harvard School of Robert P. Geyer 

Puhlic Health, and Department of Biological Juxe Chipm.yn 

Cheniistnj, Harvard Medical School F. J. Stxre 

Boston 

Received for publication, October 14, 1948 


* Olson, R. E., Miller, 0. N., Topper, Y. J., and Stare, F. J., J. Biol. Chem., 176, 
603 (1948). 



2,6-DIA:\IIN0PURINE, a precursor of nucleic 
ACID GUANINE* 


I, 

-N 

Sirs: 

2,6-Diaminopurine (2-arainoadenine), Avhich was postulated* as one of 
the possible intermediates involved in the conversion of adenine into 
nucleic acid guanine,- has been sjmthesized^ with isotopic nitrogen in the 1 



Atom per cent excess 

Calculated oa 
basis of 100 per 
cent in pn- 

nnefed 

2,6-Diaminopurine (dietary) 

5.44 

5.45 

100 

Sodium nucleic acids 

0.076 

0.075 


Copper purines 

0.148 

(0.157t) 


Adenine (calculated from picrate)t 

0.043 



“ (free)t 

0.042 



Guanine sulfatet 

0.222 



“ (free)t 

0.216 



Silver pyrimidines 

0.022 


0.40 

Allantoin 

0.336 

0.335 

6.2 

Urea 

0.023 

0.023 

0.42 

)__yl.ramonia 

0.020 

0.022 

0.38 

Total urinary nitrogen 

0.051 

0.054 

0.96 


* Consolidated-Nier ratio mass spectrometer; duplicates are on independent 
digestions and conversions. 

t Insufficient gas sample for optimum determination. 

t The guanine was shown to be free of adenine by paper chromatography (Vischer, 
E , and Chargaff, E., J. Biol Chem., 176, 703 (194S)). The adenine contained a trace 
of foreign material, not definitely identified as guanine 


and 3 positions of the ring and in the 2 amino group. It was administered 
by stomach tube to rats at a level of 29 mg. per kilo per day for 3 days. 

* The authors wish to acknowledge the assistance of the James Foundation of New 
York, Inc., the National Cancer Institute of the United States Public Health Service, 
and the Office of Naval Research. 

^ 1 Brown, G B., Cold Spring Harbor symposia on quantitative biology. Cold Spring 

I Harbor, 13, in pi ess 

' 2 Brown, G. B , Roll, P. M , Plentl, A A., and Cavalieri, L.F.,J. Biol. Chem., 172, 

) 469 (1948). 

’ Bendich, A , Tinker, J. F , and Broun, G. B , J. Am Chem. Soc., 70, 3109 (1948). 
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The urinary constituents and the total nucleic acids of the viscera were 
examined (see the table). 

The results indicate that 2 , 6-diaminopurine is an effective precursor of 
nucleic acid guanine. 

It is interesting that both adenine and 2, 6-diaminopurine are toxic for 
rats at levels at which other purines have proved to be non-to.xic, and that 
2, 6-diaminopurine evinces apparent “antipurine-metabolite” behavior' 
under certain conditions. In so far as the authors are aware, the presence 
of this purine has not been detected in nature. 

Sloan-Kettering Inslilute for Cancer Research Aaron Bendicu 

New York George Bosworth Bhown 

Received for publication, October 15, 1948 


‘^itchings, G. H., Elion, G. B., VanderWerff, H., andFalco, E. A.,/. Biol, Chem., 
174, 765 (1948). 


Sirs: 


GLUTAMINE AND THE GROWTH OF 
STAPHYLOCOCCUS AUREUS 


Grossowicz* lecently repoited experiments from which he concluded 
that the addition of O.G to 2.0 mg. of n-glutamine per ml. of medimn (sup- 
plemented casein hydrolysate) inhibited the growth of Staphylococcus 
aureus, and that this inhibition was abolished by L-glutamate. Inhibi- 
tions by ccmmeicial pieparations of L-glutamine had been observed in this 

Growth of Staphylococcus auieus on the medium of Lichtenstein and Grossowicz* 
at 37°. Inoculum 10* organisms from 16 hour broth culture. The L-glutamate and 
L-glutamine were sterilized by filtration of a 1 per cent stock solution. 0 indicates 
no grow th, -f visible growth, -f-k-f— 1- maximum growth. 


Substances added to 5 ml medium 


Growth 



16 hrs 

24 hrs. 

48 hrs. 

None. 

+ 

+ + 

"k+'l — k 

L-Glutamine (British Drug Houses), 10 mg. 

“ ( “ “ “ purified). 

0 

0? 

-k+-}--k 

2-40 mg. 

+ 

H — 1 — h 

-k-t — 1 — k 

L-Glutamate, 2 mg. 

0? 

++ 

-k+d — k 

Zn (as ZnClj), 0.001 mg. 

0 

0 

0 

“ “ “ 0.005 “ . 

0 

0 

0? 

“ “ “ 0.001 L-glutamate, 2 mg. 

0 

++ 

+-k-k+ 

“ “ “ 0.005 “ “ 2 “ 

0 

+++ 

-kH-k+ 

“ “ “ 0.01 “ L-glutamine, 10 mg. 

0 

++ 

-k-k++ 

“ “ “ 0.005 “ “ 10 “ 

0? 

4-++ 

+-k++ 


* Lichtenstein, N., and Grossowicz, N., J. Biol. Chem., 171, 387 (1947). 


laboratoiy some time ago during work on streptococci, but no inhibition 
occurred when pure glutamine t\as used. Two strains of Staphylococcus 
aureus showed results similar to those of Grossowicz when a preparation 
of L-glutamine from The British Drug Houses (Batch 639261) was used. 
This specimen w’as purified by passing H 2 S through a slightly alkaline 
solution and then treating it according to Archibald.- Concentrations up 
to 8.0 mg. per ml. of the purified material did not inhibit growth. The 
British Drug Houses examined the above batch of impure glutamine 
polarographically, and found 0.75 per cent Zn and 0.44 per cent Ba. The 
amide nitrogen was 54 per cent of the theoretical value. Other impurities 

* Grossowicz, N., J. Biol. Chem., 173, 729 (1948). 

^ .\rchibald, R. M , / Biol Chem., 169, 693 (1945). 
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were arginine (2 per cent), ammonium pyrrolidone carboxylate, and am- 
monium glutamate. Zn in concentrations comparable to those present 
in impure glutamine inhibited growth completely; this inhibition was 
reversed by L-glutamate and L-glutamine (see the table). 

As Grossomez used commercial preparations of glutamine, one of w'hicli 
was supplied by The British Drug Hou.ses, it is probable that the inhibitions 
observed by him Avere due to impurities. 

Medical Research Council Unit for Cell D. E. Hughes 

Metabolism 

Department of Biochemistry 
The University 
Sheffield 10, England 

Received for publication, October 26, 194S 



THE P^y[lTICIPATION OF INORGANIC PYROPHOSPHATE IN 
THE REVERSIBLE ENZYMATIC SYNTHESIS OF 
DIPHOSPHOPYRIDINE NUCLEOTIDE 

Sirs: 

A purified enzyme preparation has been obtained from an autolysate of 
dried brewers’ yeast by ammonium sulfate fractionation and isoelectric pre- 
cipitation which catalyzes the reaction: nicotinamide mononucleotide 
(NMN) + adenosine triphosphate (ATP) ^ DPN -f inorganic pyrophos- 


Substance cstimatedt 

DPN synthesis,* micromoles 
per ml. 

ATP synthesis,* micromoles 
per ml. 

0 min. 

60 min. 

A 

0 min. 

60 min. 

A 

NMNt 

2.50 



0.0 



ATP 

2.20 

1.36 

-0.84 

0.0 

1.02 

-1-1.02 

DPN 

0.0 

0.74 

-fO.74 

1.50 

0.61 

-0.89 

P-P 

1 0.0 

0.83 

-1-0.83 

1.80 

0.79 

-1.01 

Orthophosphate 

0.11 

0.13 


0.16 

0.09 


Phosphate, acid-labile 

4.44 

; 4.50 

1 


3.60 

3.66 



* For DPN synthesis, 1.0 ml. of reaction mixture contained SO y of the enzyme 
preparation, 0.3 micromole of MgCU, and 50 micromoles of glycylglycine buffer 
(pH 7.4) in addition to ATP and NMN ; for ATP synthesis 1.0 ml. contained 50 y of 
the enzyme preparation, 0.75 micromole of MgCL, and 50 micromoles of glycyl- 
glycine buffer (pH 7.4) in addition to DPN and P-P. Constant values were reached 
after 30 to 40 minutes at 38“ . 

t ATP was estimated spectrophotometrically by triphosphopyridine nucleotide 
reduction in the presence of glucose, hexokinase, and Zwischenferment, and DPN 
by reduction with the triose phosphate dehydrogenase system. Inorganic pyro- 
phosphate was estimated as orthophosphate after acid hydrolysis of the precipitated 
and washed manganous salt and acid-labile phosphate as the orthophosphate re- 
leased after 10 minute hydrolysis in 1 nH;SOi at 100°. 

% NMN was prepared by hydrolysis of DPN with nucleotide pyrophosphatase. ‘ - 
After purification the ratio, nicotinamide-ribose moiety to organic phosphate, 
was 1.0. 

phate (P-P). In the table are summarized two experimeuts in which 
equilibrium was attained starting from the left (DPN synthesis) and the 
right (ATP synthesis). The equilibrium constant, K = ((DPN)(P-P))/- 
((NMN)(ATP)), calculated from the data of the two e.xperiments is 0.3 in 
one case and 0.5 in the other. The concentrations of acid-labile phosphate 
were unchanged and no orthophosphate was produced. Nicotinamide nu- 

^ Kornberg, A., J- Siol. Chcin., 174, 1051 (194S). 

2 Kornberg; A., and Lindberg, O., J. Biol. Chem., 176, 665 (1948). 
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cleoside, adenosine diphosphate, and adenylic acid were inactive in DPN 
synthesis. The reduced form of DPN was split by the purified enzyme 
preparation in the presence of inorganic pyrophosphate, but triphospho- 
pyridine nucleotide and flavin-adenine dinucleotide were not. The possi- 
bility that the latter two nucleotides may pai'ticipate in analogous reactions 
with crude enzyme preparations requires further study. 

These findings indicate a mechanism for the synthesis of DPN and for 
the origin and function of inorganic pyrophosphate. Ochoa, Cori, and 
CorP isolated inorganic pyrophosphate from dialyzed rat liver dispersions 
in which glutamate, pyruvate, or succinate was being oxidized. It was 
later identified in washed rabbit Iddney particles oxidizing glutamate,^' - 
in molds,® and in yeast.® The present findings suggest that the accumula- 
tion of inorganic pyrophosphate in fungi and in tissues may be explained by 
a sequence of three reactions: (1) the irreversible hydrolysis of DPN by 
nucleotide pyrophosphatase®- ® to yield NMN and adenylic acid, (2) the 
phosphoiylation of adenylic acid to ATP in respiration or fermentation, and 
(8) the combination of NMN with ATP to produce inorganic pyrophos- 
phate and regenerate DPN, 

National Institutes of Health Abthijb Koenberg’ 

Bethesda 

Maryland 

Eeceived for publication, November 10, 1948 

^ Cori, C. F., in A symposium on respiratory enzymes, Madison (1942). 

* Green, D. E., et al., Abstracts, American Chemical Society, Atlantic City, 261 
April (1947). 

^ Mann, T., Biochem. J., 38, 345 (1944). 

® Lindahl, P. E,, and Lindberg, O., Nature, 157, 335 (1946). 

’ The valuable technical assistance of Mr. W. E. Pricer, Jr., is grateful!; 
acknowledged. 


RELATION OF ■\TTA:\IIN Bu TO THE GROWTH FACTOR 
PRESENT IN COW AL^NHRE 


Sirs: 

Crystalline ^-itamin Bi:, reported by Ott et aU to have activity for chick 
growth, has been found to be completely effective, either orally or by intra- 
muscular injection, when tested by the method developed in this labora- 
tory- to assay quantities of the unknown growth factor occurring in cow 
manure, in fish-meal, and in some other feedstuffs of animal origin. Details 


Eipcrimtnt 

Xo, 

Suppltmtnt 

1 Level of supple- 
t ment in diet, 
j y per 100 gm. 

No. of 

Average gain, 
2 to 4 wks, 
of age 

1 

None 


9 

gm. 

40.6 


Acid ppt. 1 

1 75,000 

1 9 

77.3 


tt (( j 

150,000 

s 

89. 1 


It tt j 

1 300,000 

s 

9-1.9 


Vitamin Bj; (crystalline)* i 

0.25 

9 

62.6 


« .1 X ' 

0.50 

9 

81.7 

1 

(( U (< 

1.00 

1 8 

S5.*4 


(< it tt 1 

2.00 

1 9 

100.9 

1 

2 

1 

i 

None 1 

Single injection 
of supplement, 
y per chick 

1 

1 

1 

8 

89.3 


, * 

2 unit liver extracej j 

100,000 1 

9 

98.3 


9 tt tt it 

200,000 1 

S 

115.0 


9 (( tt tt j 

300,000 1 

9 

116.6 


Vitamin Be (crystalline) ! 

1.25 1 

9 

123.4 


it it ** j 

2.5 

9 

123.3 


tt tt tt j 

5.0 

9 

120.4 


* Prepared by ^lerck and Company, Inc., Rabway, New Jeraey. 
t Liver injection (crude), 2 U. S. P. units per ml. 


of the method were the same as those reported previously,- except that the 
progeny of imdepleted hens were used in the second of the two experi- 
ments. Injections were made into the breast muscle on the 1st daj’’ of the 
14 day experimental period. 

The results in the table show that the ma.ximum growth response was 
the same in Experiment 1 for ciystaUine vitamin Be and the acid precipi- 


^ Ott, W. H., Rickes, E. L., and Wood, T. R., J . Biol. Chan., 1^4 • 

- Bird, H. R.. Rubin, M., and Groschke, A. C., J . Biol. Chan., 17., 611 (194S). 
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tate of water extract of cow manure, and essentially the same in Experi- 
ment 2 for the crystalline vitamin and 2 unit liver extract. The gains 
obtained in Experiment 1 were, plotted against the dietary level of the 
crystalline vitamin and a dose-response curve constructed. The gain 
obtained with the lowest level of acid precipitate was applied to the straight 
line portion of the curve, and it was calculated that the acid precipitate 
contained the equivalent of 5.8 y of vitamin B 12 . Comparative chick and 
bacterial assays would be of interest as a means of determining the possible 
existence of different forms of the vitamin. 

In view of the potency of this vitamin as a bacterial growth factor the 
injection e.xperiments are of particular interest since they show that its 
effect on the chick is direct and not mediated through the intestinal flora. 

Bureau of Animal Industry Robert J. Lillie 

Agricultural Research Administration Charles A. De.vto.v 

United States Department of Agriculture H. R. Bird 

Beltsville, Maryland 

Received for publication, October 23, 1948 
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Kochakian and Bartlett, 243 


Arginase — continued: 

Liver, protein-free diet effect, Seijter , 
Harkness, Rubin, and Muntwyler, 

1371 

Arginine: Foods, determination, micro- < 
biological, Horn, Jones, and Blum, 

59 

Proteins, determination, microbiolog- 
ical, Horn, Jones, and Blum, 59 

Ascorbic acid: Dehydro-L, isolation, 
Moubasher, 329 

1-, perf-naphthindan-2,3,4-trione hy- 
drate, reaction, Moubasher, 529 

Asparagus: 2,2'-Dithiolisobutyric acid, 
isolation and identification, Jansen, 

657 

Aspartic acid: Derivatives, lycomaras- 
min determination, Woolley, 1299 
Growth, effect. Rose, Oesterling, and 
Womack, 

Aspergillus flavus: Flavicidin, Adler and 
Wintersteiner, _ 

Penicillin, Adler and Wintersteiner, 

87d 

Azo dye (s) : Carcinogenic, liver proteins, 
effect, Griffin, Nye, Noda,andLuck^ 


B 

Bacillus: See also Lactobaeillus 
Bacteria: Anti-, penicillin sodium salts, 
effect, Carpenter, Stacy, 
Liverinorej and du Vigneaud^ 
Lactic acid, growth, amino acid effect, 
Brickson, Henderson, Solhjell, 
Elvehjem, , 

, potassium requirement, Mac 


Lead and Snell, 


39 


Lieoa anur 

Purple, phosphorus 

synthesis relation, Gest and Kaiw ^ 

See also Clostridium, Escherichia, Leu 
conostoc, Mycobacteria, Slaphy oc 
cits, Streptomyces 
Barley: Malt, a-amylase, crya 
Schwimmer and Balls, 

Benzene: 4-Dimethylaminoazo-, meta^^ 

' olism, liver, Mueller and 
Benzoic acid: Oxidation, 

kinetics, Fadfe, Bernhezm, and P 

gerald, 
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Benzylpeniclllenlc acid: Benzylpeni- 
cillin synthesis, intermediate, Car- 
penter, Turner, and du Vigneaud, 

893 

Benzylpenlcillln: Synthesis, benzylpeni- 
cillenic acid as intermediate. Car- 
penter, Turner, and du Vigncaitd, 

893 

Beazyltblopynivlc acid: S-, N-acetyl-S- 
benzyl-L-cysteino, conversion, Ste- 
kol, 33 

— , synthesis, Stekol, 33 

Bile: Pregnancy, pregnanol-3(a)-ono-20, 
pregnanediol-3(a),20(|3), and etio- 
cholanediol-3(a),17(^), isolation, 
Pearlman and Cercco, 847 

Biotin: Analogues, mode of action, Axel- 
rod, Purvis, and Hofmann, 695 
Blood plasma fat-soluble material, ac- 
tivity, Trager, 133 

Metabolism, McCoy, McKibben, Axel- 
rod, and Hofmann, 1327 

Mosquito larva, nutrition effect, 
Trager, 1211 

Oxy-, metabolism, chick, McCoy, Mc- 
Kibben, Axelrod, and Hofmann, 

1319, 1327 

— , tissue deposition, McCoy, Mekih- 
ben, Axelrod, and Hofmann, 1319 
Biuret: Urine protein determination, 
Hiller, Greif, and Beckman, 1421 
Blood: Carbon monoxide determination, 
saponin substitutes, Hiller, Plazin, 
and Van Slyke, 1431 

Group A-specific substance, gastric 
mucin, ion exchange resins in isola- 
tion, Bennett and Niemann, 969 
Oxygen determination, saponin sub- 
stitutes, Hiller, Plazin, and Van 
Slyke, 1431 

Protein. See also Hypoproteinemia 
Tooth composition, relation, Sobel and 
Hanok, 1103 

Zinc, Vallee and Gibson, 445 

— determination, micro-, dithizone 
method, Vallee and Gibson, 435 
Blood cell(s): Hed, protoporphyrin, pro- 
tein and iron deficiency, effect, Cart- 
wright and Wintrobe, 571 

— , zinc, Vallee and Gibson, 445 


Blood eell(s) — continued: 

White, zinc, Vallee and Gibson, 445 
See also Polycythemia 
Blood plasma: Copper, protein and iron 
deficiency, effect, Cartwright and 
Wintrobe, 571 

Creatine, testosterone and methyl- 
testosterone effect, Levedahl and 
Samuels, 327 

Creatinine, testosterone and methyl- 
testosterone effect, Levedahl and 
Samuels, 327 

Fat-soluble material, biotin activity, 
Trager, 133 

Guanidoacetic acid, testosterone and 
methyltestosterone effect, Levedahl 
and Samuels, 327 

Iron, protein and iron deficiency, ef- 
fect, Cartwright and Wintrobe, 571 
Lecithin turnover, radioactive phos- 
phorus in study, Zilversmit, Enten- 
man, and Chaikoff, 209 

Phospholipides, turnover, choline ac- 
tion, relation, Zilversmit, Entenman, 
and Chaikoff, 193 

Proteins, biophysics, Deutsch and 
Nichol, 797 

— , hypothyroidism, testosterone pro- 
pionate effect. Leathern, 1285 

Sphingomyelin turnover, radioactive 
phosphorus in study, Zilversmit, En- 
tenman, and Chaikoff, 209 

Zinc, Vallee and Gibson, 445 

Blood serum: Albumin, fractionation, 
sodium sulfate use, Kibrick and 
Blonstein, 983 

Globulins, fractionation, sodium sul- 
fate use, Kibrick and Blonstein, 983 
Hypoproteinemia, electrophoresis, 
Cartwright, Smith, Brown, and Win- 
trobe, 585 

Immune, fractions, biophysics, Deutsch 
and Nichol, 797 

Vasoconstrictor, Rapport, Green, and 
Page, 1237, 1243 

— , chemical inactivation. Rapport, 
Green, and Page, 1237 

— , isolation and characterization. Rap- 
port, Green, and Page, 1243 

Brain: Ammonia, Richter and Dawson, 

1199 

Glutamine, Richter and Dawson, 1199 
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Brominated conipound(s): Enzymatic 
dehalogenation, Heppel and Porter- 
field, 763 

Butyrate: Liver glycogen, incorporation, 
pathways, Lifson, Lorher, Sahami, 
and Wood, 1263 

Butyric acid: 2,2'-Dithioliso-, asparagus, 
isolation and identification, Jansen, 

657 

C 

Calcification: Tooth, Sobel and Hanoh, 

1103 

Carbohydrate (s): Amylaceous, molec- 
ular association, Jeanes, Schieltz, 
and Wilham, 617 

Metabolism, plants, Slwnpf, 233 
Carbon: Eadioactive, glucose oxidation, 
alloxan diabetes, use in study, Zil- 
versmil, Okaikofi}, Feller, andMasoro, 

389 

Carbon dioxide: Fixation, citrulline syn- 
thesis, Grisolia and Cohen, 929 
Malate conversion, Lactobacillus arab- 
inosus, Korkes and Ochoa, 463 
Carbonic anhydrase: Determination, 
electrometric and colorimetric, Wil- 
bur and Anderson, 147 

Carbon monoxide; Blood, determination, 
saponin substitutes, Hiller, Plazin, 
and Van Slyke, 1431 

Carbonyl; -Labeled pyruvic acid, syn- 
thesis, Anker, 1333 

Carboxypeptidase: Pancreas, identifica- 
tion, Smith and Hanson, 997 

Carcinogenesis: Tissue proteins and, 
Griffin, Nye, Noda, and Luck, 1226 
Carotene: Vitamin A, conversion site, 
JlfaWson, 1467 

Casein: Amino acids, hydrolysis effect, 
Hankes, Riesen, Henderson, and 
Elvehjem, 467 

-Low diets, growth, amino acids, ef- 
fect, Singal, Sydensiricker, and Lit- 
tlejokn, 1063 

— — , nicotinic acid storage, amino 
acids, effect, Singal, Sydensiricker, 
and Littlejohn, 1063 

Chlorella: Fatty acids, Milner, 813 


Chlorinated compound(s) : Enzymatic 
dehalogenation, Heppel and Porter- 
field, 763 

Chloroethyl; (3-, vesicants, thymus, ef- 
fect, Chanutin and Ludewig, 1063 
Cholesterol: Synthesis from acetate, ad- 
renal cortical tissue, Srere, Ckaikoff, 
and Dauben, 829 

Chollae: Growth, effect, Treadmall, 1141 
— , protein-low diet, effect, Treadwell, 

1149 

Lipotropism, effect, Treadwell, 1141 
— , protein -low diet, effect, Treadwell, 

1149 

Phospholipide turnover, liver and blood 
plasma, relation, Zilversinit, Enten- 
man, and Chaikoff, 193 

Sulfur analogue, behavior. Maw and 
du Vigneaud, 1029 

Citrulline: Synthesis, carbon dioxide 
fixation, Grisolia and Cohen, 929 
Clostridium botulinum; Toxin, type A, 
crystalline, physicochemical proper- 
ties, Putnam, Lamanna, and Sharp, 

401 


Cobalt: Glycylglycine dipeptidase ac- 
tion, r61e. Smith, 21 

Polycythemia, cysteine, histidine, and 
methionine effect, Orten and Buc- 
ciero, 261 

Collagen: Guinea pig, Lightfoot and 
Coolidge, 

Copper: Blood plasma, protein and iron 
deficiency, effect, Cartwright and 
Winlrobe, 

Cota: Tissue nicotinic acid, effect, Sin- 


gal, Sydensiricker, 


and Littlejohn, 
1069 


Cozymase: Reduction, sodium boro- 
hydride effect, Mathews, 2- 

See also Diphosphopyridine nucleotide 
Creatine: Blood plasma, testosterone 
and methyltesterone effect, Leve- 
dahl and Samuels, 

Urine, testosterone and roethyltestos- 
terone effect, Levedahl and Jennie 


Creatinine; Blood plasma, testosterone 
and methyltestosterone ettech 
Levedahl and Samuels, " 

Urine, testosterone and methy tes o 
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Creatinine — con i in ucd: 

tcronc cfTect, Lcvcdahl and Samuels, 

327 

Cyanate; Streptomycin, clTect, Filz- 
gerald, 223 

Cyclophorase: System, Grafflin and 

Green, 95 

Knox, Ko'jee, and Auerbach, 117 

Alchley, 123 

Cysteine: N-Acetyl-S-bcnzyl-L-, S-ben- 
zylthiopyruvic acid, conversion, Stc- 
kol, 33 

Cobalt polycythemia, effect, Orten and 
Bucciero, 961 

DL-;3,;3-Dicthyl-, synthesis, dii Vi- 

gneaud, Slacy, and Todd, 907 

DL-y3-Ethyl-/9-methyl-, synthesis, du 
Vigneaud, Stacy, and Todd, 907 

Cystine: -Deficient diet, DL-lanthionine, 
growth effect, Jones, Caldwell, and 
Horn, 65 

Growth, effect, Treadwell, 1141 

— , protein-low diet, effect, Treadwell, 

1149 

Lipotropism, effect, Treadwell, 1141 
— , protein-low diet, effect, Treadwell, 

1149 

'' Synthesis, Farlow, 71 

Cytidine: Determination, pyrimidine- 
deficient Neurospora, use, Loring, 
Ordway, and Pierce, 1123 

D 

Dehydro-i-ascorbic acid: Isolation, 
Moubasher, 529 

Dehydrogenase: Succinic, o.xalacetate ef- 
fect, Pardee and Potter, 1085 

Dehydroisoandrosterone: Urine, deter- 
mination, colorimetric, Munson, 
Jones, McCall, and Gallagher, 73 
Dextran: Leuconostoc mesenieroides, 

preparation and characterization, 
Jeanes, Wilhani, and Miers, 603 
Molecular association, Jeanes, Schieltz, 
and Wilhani, 617 

Diabetes: Alloxan, glucose oxidation, 
radioactive carbon in study, Zilver- 
smit, Chaikoff, Feller, and Masoro, 

389 


Diaminopurine: 2,6-, nucleic acid gua- 
nine, precursor, Bendich and Brown, 

1471 

Diet: Tooth composition, relation, Sobel 
and Hanok, 1103 

Diethylcysteine: dl-^,/3-, synthesis, du 
Vigneaud, Slacy, and Todd, 907 
Dimethylaminoazobenzene: 4-, metabo- 
lism, liver, Mueller and Miller, 535 
Dimethylethanolamine: Lipide phos- 
phorylation, effect, Artom and Cor- 
natzer, 949 

Dimethyl-/J-propiothetin: Methionine 

synthesis, T6\e,Dubnoff and Borsook, 

789 

Dimethyl the tin; Methionine synthesis, 
role, Dubnoff and Borsook, 789 

-Related compounds, labile methyl 
groups, source. Maw and du Vi- 
gneaud, 1037 

Dipeptidase (s): Smith, 9, 21 

Glycylglycine, action, cobalt role. 
Smith, 21 

Glycyl-L-leucine, tissue. Smith, 9 
Diphosphopyridine nucleotide; Embryo, 
cMick, Levy and Young, 185 

Purification, counter-current distribu- 
tion , Hogeboom and Barry, 935 
Pyrophosphatase, Kornberg and Lind- 
berg, 665 

Synthesis, enzymatic, inorganic pyro- 
phosphate relation, Kornberg, 1475 
See also Cozymase 

Dithiolisobutyric acid: 2,2'-, asparagus, 
isolation and identification, Jansen, 

657 

Dithizone: Blood and tissue zinc, deter- 
mination, micro-, use, Vallee and 
Gibson, 435 

Dye: Azo, carcinogenic, liver proteins, 
effect, Griffin, Kye, Noda, and Luck, 

1225 

E 

Embryo: Chick, chemistry, Levy and 
Young, 185 

— , diphosphopyridine nucleotide. 
Levy and Young, 185 

Enzyme (s ): Action , structural analogues , 
use in study, Axelrod, Purvis, and 
Hofmann, 695 
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Enzyme {s)— continued: 

Brominated and chlorinated com- 
pounds, dehalogenation, Heppel and 
Porterfield, 

Casein amino acids, hydrolysis, 
Hanhes, Riesen, Henderson, and 
Elvehjem, _ 

Diphosphopyridine nucleotide synthe- 
sis, inorganic pyrophosphate rela- 
tion, Kornberg, _ _ 

Glycolytic, tissue, fractionation, Le- 
Page and Schneider, 1021 

Intracellular distribution, Schneider, 

259 

Respiratory, determination. Potter, 
Pardee, and Lyle, 1075 

See also Adenosinetriphosphatase, 
Aldolase, Aminopeptidase, Amylase, 
Anhydrase, Arginase, Carboxypep- 
tidaae, Cyclophorase, Dehydrogen- 
ase, Dipeptidase, Oxidase, Phospho- 
transferase, Pyrophosphatase, Tyro- 
sinase, Urease 

Epinephrine: Kidney phosphatase and 
arainase, effect, Kochakian and Bart-~ 
lett, 243 

Liver phosphatase and arginase, effect, 
Kochakian and Bartlett, 243 

Erythrocyte (s): See Blood cell, red 
Escherichia coli: Pyruvate synthesis, 
acetyl precursor, Kaplan and Lip- 

459 

mann, 

Estriol: 16-Ketoestrone conversion, in 
vivo, Stimmel, Grollman, and Huff- 
man, ^1 

Estrone: 16-Keto-, conversion to estriol 
in vivo, Stimmel, Grollman, and Huff- 

t 4fil 

7?^an, 

Ethanolamine: Dimethyl-, lipide phos- 
phorylation, effect, Artom and Cor- 

. 949 

natzer, 

Lipide phosphorylation, effect, Artom 
and Cornatzer, 91^ 

Methyl-, lipide phosphorylation, ef- 
fect, Artom and Cornatzer, 949 
Ethyl-jS-methylcysteine : dl-/ 3-, synthesis, 
du Vigneaud, Stacy, and Todd, 907 
Etiocholanediol-3(a:),17(^): Bile, preg- 
nancy, isolation, Pearlman and Cer- 
ceo, 


Fat(s): -Soluble material, biotin-like, 
mosquito larva nutrition, effect, 
Trager, _ 1211 

, blood plasma, biotin activity, 

Trager, 1^^ 

Fatty acld(s): Chlorella, Milner, 813 
Oxidation, Grafflin and Green, 95 
— , sparking, Knox, Noyce, and Auer- 
bach, , 11^ 

Feces: Amino acids, Sheffner, Kirsner, 
and Palmer, _ ^2 

Protein nitrogen, biochemistry, Al- 
banese, Davis, Lein, and 

Ferritin: Liver vasodepressor substance, 
relation, 3Ia2ur and Sfiorr, 771 

Flavicldin: Aspergillus flavus, Adler and 
Wintersteiner, _ _ . 

Food(s): Arginine deternunation, micro- 
biological, Horn, Jones, and Blum, 

Phenylalanine determination, mcro- 
biological, Horn, Jones, and Blum, 

Formate: Glycogen conversion from, 

Sakami, . 

Serine conversion from, Sakami, 
Fuchsin: -Sulfurous acid^test, hepann, 
Jorpes, Werner, and Aberg, 

G 

Gastric juice: Mucin determinate, 

Siplet, Komarov, and Snay, 

Globulin (s): Blood 

tion, sodium sulfate use, Kibrick 

Blonstein, 

immunology and electrophoresis 

Jager, Smith, Nickerson, and Brom, 

Glucose: Labeled, 

betes, Zilversmit, Chaim, 
and Masoro, 

Glutamic acid: Growth, e . 

Oesterling, and acid 

Pteroyl-. See I’lerey S 
Glutamine: Brain, Richter 

Staphylococcus aureus growth, re 
Hughes, 



SUBJECTS 


1497 


Glycine: Carbon-labeled, hemoglobin 
synthesis, Altman, Casaretl, Masters, 
Xooiian, and Salomon, 319 

Glycogen conversion from, Sakami, 

995 

Glycyl-, 5cc Glycylglycine 
Serine conversion from, Sakami, 995 
Glycogen: Formate conversion to, Sa- 
ka?ni, 995 

Glycine conversion to, Sakami, 995 
Liver, acetate and butyrate incorpora- 
tion, pathways, Lifson, Lorber, Sa- 
kami, and Wood, 1263 

Glycolysis: Enzymes, tissue, fractiona- 
tion, LePage and Schneider, 1021 
Tumor, LePage, 1009 

Glycylglycine: Dipeptidase, action, co- 
balt role, St/iitk, 21 

Glycyl-L-leucine : Dipeptidase, tissue. 
Smith, 9 

Growth: Amino acids, effect. Rose, Oes- 
lerling, and Womack, 753 

Aspartic acid effect. Rose, Oeslerling, 
and Womack, 753 

Casein-low diets, amino acids, effect, 
Singal, Sydenstricker, and Littlejohn, 

1063 

Choline effect, Treadwell, 1141 

Cystine effect, Treadwell, 1141 

Cystine-deficient diet, DL-lanthionine 
effect, Jones, Caldwell, and Horn, 

65 

Factor, manure, vitamin B12 relation, 
Lillie, Denton, and Bird, 1477 

Glutamic acid effect. Rose, Oeslerling, 
and Womack, 753 

Hemophilus parainfluenzae, putres- 
cine effect, Herhsi and Snell, 989 
Hormone, pituitary, anterior, prepara- 
tion, Wilhelmi, Fishman, and Rus- 
sell, 735 

— , — , iodine, Li, Simpson, and Evans, 

843 

Lactic acid bacteria, amino acid effect, 
Erickson, Henderson, Solhjell, and 
Elvehjem, 517 

Leuconostoc citrovorum, factor, Sauber- 
lich and Baumann, 165 

Lipotropism and, Treadwell, 1141, 1149 
Methionine effect, Treadwell, 1141 


Growth — continued: 

Methionine-deficient diet, oL-Ianthio- 
nine effect, Jones, Caldwell, and 
Horn, 65 

Protein-low diets, cystine, methionine, 
and choline, effect, Treadwell, 1149 
Staphylococcus aureus, glutamine rela- 
tion, Hughes, 1473; 

Thiopyruvic acid effect, Slekol, 33 
Guanidoacetic acid: Blood plasma and 
urine, testosterone and methyl- 
testosterone effect, Levedahl and 
Samuels, 327 

Guanine: Nucleic acid, 2,6-diaminopu- 
I rine as precursor, Bendich and 
Brown, 1471 

Guinea pig: Collagen, Lightfoot and Cool- 
idge, 477 

H 

Hemoglobin: Synthesis, carbon-labeled 
glycine, Altman, Casarett, Masters, 
Noonan, and Salomon, 319 

Hemophilus parainfluenzae: Growth, 
putrescine effect, Herbst and Snell, 

989 

Heparin: Fuchsin-sulfurous acid test, 
Jorpes, Werner, and Aberg, 277 
Monosulfuric acid, Jorpes and Gardell, 

267 

Histidine: Cobalt polycythemia, effect, 
Orlen and Bucciero, 961 

Histone: Nucleo-, spleen, Petermannand 
Lamb, 685 

Homeostasis: Circulatory, hepatorenal 
factors, Mazur and Shorr, 771 

Hyaluronic acid: Umbilical cord, prepa- 
ration and properties, Follett, 177 
Hypobromite: Protein and, reaction, 
Chinard, 1449 

Urine ammonia plus urea nitrogen, de- 
termination, use, Chinard, 1449 
Hypophysis: See Pituitary 
Hypoproteinemia: Blood serum, electro- 
phoresis, Cartwright, Smith, Brown, 
and Wintrobe, 585 

Hypothyroidism: Blood plasma and liver 
proteins, testosterone propionate ef- 
fect, Leathern, 1285 
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Inositol: Lipotropic need, relation, 
MacFarland and McHenry, 429 
Iodine: Pituitary growth hormone, ef- 
fect, Li, Simpson, and Evans, 843 
lodoacetic acid: Yeast, action, hydrogen 
ion concentration effect, Aldous, 

83 

Ion: Exchange resins, blood group A-spe- 
cific substance, isolation, gastric 
mucin, use, Bennett and Niemann, 

969 

Iron: Blood cell, red, protoporphyrin, 
blood plasma copper and iron, de- 
ficiency effect, Cartwright and Win- 
trobe, 571 

— plasma, protein and iron deficiency, 
effect, Cartwright and Wintrobe, 571 
Myoglobin, Bowen, 747 

Isoleucine: Determination, chromato- 
graphic, Stein and Moore, 337 

K 

Ketoestrone: 16-, conversion to estviol 
in vivo, Siimmel, Grollman, and Huff- 
man, 461 

Ketone (s); Di-, acetylacetone-related, 
determination, colorimetric, Witter, 
Snyder, and Stotz, 493 

— , triacetic acid-related, metabolism 
in vitro. Witter and Stole, 501 

Kidney: Arginase, adrenal cortex ster- 
oids, DL-thyroxine, and epinephrine, 
effect, Rochahian and Bartlett, 243 
Phosphatase, adrenal cortex steroids, 
DL-thyroxine, and epinephrine, ef- 
fect, Kochakian and Bartlett, 243 
Kjeldahl: Protein nitrogen determina- 
tion, Hiller, Plazin, and Van Slyke, 

1401 


Lactate: Alalate conversion, Lactobacil- 
lus arabinosus, Korkes and Ochoa, 

463 

Lactic acid: Bacteria, growth, amino 
acid effect, Brickson, Henderson, 
Solhjell, and Elvehjem, 517 

— , potassium requirement, MacLeod 
and Snell, 39 


Lactobacillus arabinosus: Malate con- 
version to lactate and carbon dioxide, 
Rorkes and Ochoa, 463 

Lactobacillus casei: Nucleic acid synthe- 
sis, pteroylglutamic acid effect, 
Prusoff, Teply, and King, 1309 
Lactobacillus lactls: Cultures, dissocia- 
tion, vitamin B 12 requirement, ef- 
fect, Sliorb and Briggs, 1463 

Lactobacillus leichmanii: Animal protein 
factor, determination, use, Skeggs, 
Huff, Wright, and Bosshardt, 1459 
Antipernicious anemia factor, effect, 
Hoffmann, Stokstad, Franklin, and 
Jukes, 1465 

Lanthlonine: dl-, cystine- and methio- 
nine-deficient diet, growth effect, 
Jones, Caldwell, and Horn, 65 
Larva: Mosquito, biotin and biotin-like 
fat-soluble materials, nutrition 
effect, Trager, 1211 

Laurin: Tri-, radioactive, oxidation in 
vivo, Geyer, Chipman, and Stare, 

1469 

Lecithin; Blood plasma, turnover, radio- 
active phosphorus in study, Zilver- 
smit, Enlenman, and Chaikoff, 209 
Leucine: Aminopeptidase, specificity, v 
Smith and Slonim, ® 

Determination, chromatographic, Stein 
and Moore, 

Glycyl-L-, dipeptidase, tissue. Smithy 

Iso-, determination, chromatographic, 

Stein and Moore, 

Leucocyte (s); See Blood cell, white 
Leuconostoc citrovorum: Growth fac^L 
Sauberlich and Baumann, 
Leuconostoc mesenteroides: Dextran, 
preparation and characterization, 

Jeanes, Wilham, and Miers, 

Lipide (s) : Phospho- See Phospbolip J 
Phosphorylation, ethanolamine, metn- 
ylethanolamine, and dimethylet an 
olamine effect, Artom and Cornatser, 

Lipotropic need: Inositol 

MacFarland and McHenry, 

Lipotropism: Choline effect, TreadweU, 
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Lipotropism — continued: 

Cystine effect, Treadwell, 1141 

Growth and, Treadwell, 1141,1149 
Methionine effect, Treadwell, 1141 
Protein-low diets, cystine, methionine, 
and choline, effect, Treadwell, 1149 
Liver: n-Amino acid oxidase, protein-free 
diet effect, Seifter, Harknesa, Rubin, 
and Muntwyler, 1371 

a-Aminoadipic acid, degradation, Bor- 
sook, Dcasy, Haayen-Smit, Keighley, 
and Lowy, 1395 

Arginase, adrenal cortex steroids, dl- 
thyroxine, and epinephrine, effect, 
Kochakian and Bartlett, 243 

— , protein-free diet effect, Seifter, 
Harkness, Rubin, and iiluntwyler, 

1371 

4-Dimethylaminoazobcnzeno metab- 
olism, Mueller and Miller, 535 
Glycogen, acetate and butyrate incor- 
poration, pathways, Lifson, Lorber, 
Sakami, and Wood, 1263 

L-Lysine, a-aminoadipic acid forma- 
tion, Borsook, Deasy, Haagen-Smil, 
Keighley, and Lowy, 1383 

— , degradation, Borsouk, Deasy, 
Haagen-Smil, Keighley, and Lowy, 

1383 

Nicotinic acid, protein-free diet effect, 
Seifter, Harkness, Rubin, and Muni- 
wyler, 1371 

Octanoic acid oxidation, Schneider, 

259 

Phosphatase, adrenal cortex steroids, 
DL-thyroxine, and epinephrine, ef- 
fect, Kochakian and Bartlett, 243 
Phospholipides, tnrnover, choline ac- 
tion, relation, Zilversniil, Entenman, 
and Chaikoff, 193 

Protein, carcinogenic azo dyes, effect, 
Griffin, Nye, Noda, and Luck, 1225 
Proteins, hypothyroidism, testosterone 
propionate effect. Leathern, 1285 
Riboflavin, protein-free diet effect, 
Seifter, Harkness, Rubin, and Munt- 
wyler, 1371 

Tyrosinase, pteroylglutamic acid ef- 
fect, Keith, Broach, Warren, Day, 
and Totter, 1095 


Liver — continued: 

Vasodepressor substance, ferritin rela- 
tion, Mazur and Shorr, 771 

Xanthine oxidase, pteroylglutamic acid 
effect, Keith, Broach, Warren, Day, 
and Totter, 1095 

Lycomarasmln: Aspartic acid deriva- 
tives, determination, Woolley, 1299 
Chemical constitution, Woolley, 1291 
Synthesis, Woolley, 1209 

Lysine: L-, liver, a-aminoadipic acid for- 
mation, Borsook, Deasy, Haagen- 
Smil, Keighley, and Lowy, 1383 
— , — , degradation, Borsook, Deasy, 
Haagen-Smit, Keighley, and Lowy, 


Magnesium: Muscle adenosinetriphos- 
phatase activity, effect, Kielley and 
Meyerhof, 591 

Malaria: Antimalarials, naphthoquinone, 
Heymann and Fieser, 1359 

Fieser and Heymann, 1363 

Malate: Lactate and carbon dioxide con- 
version from Lactobacillus arabino- 
sus, Korkes and Ochoa, 463 

Malt; Barley, a-amylase, crystalline, 
Schwimmer and Balls, 465 

Manure: Growth factor, vitamin Bis re- 
lation, Lillie, Denton, and Bird, 

1477 

Metabolism: Carbohydrates, plants, 
Stumpf, 233 

Methionine: Cobalt polycythemia, ef- 
fect, Orten and Bucciero, 961 

-Deficient diet, DL-lanthionine, growth 
effect, Jones, Caldwell, and Horn, 

65 

Determination, chromatographic, Stein 
and Moore, 337 

Growth, effect, Treadwell, 1141 
— , protein-low diet, effect, Treadwell, 

1149 

Lipotropism, effect, Treadwell, 1141 
— , protein-low diet, effect, Treadwell, 

^ 1149 

Selenium poisoning, effect, Fels and 
Cheldelin, 819 

Synthesis, dimethylthetin and di- 
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Methionine — coniinued: 

methyl-/3-propiothetin relation, Dub- 
nojj and Borsook, 7S9 

Methylethanolamine: Lipide phosphor- 
ylation, effect, Arlom ayid Cornatzer, 

949 

Methyl group (s): Labile, dimethyl- 
thetin-related compounds as source, 
Maw and du Vigneaud, 1037 

Methyltestosterone: Blood plasma 

guanidoacetic acid, creatine, and cre- 
atinine, effect, Levedahl and Samuels, 

327 

Urine guanidoacetic acid, creatine, and 
creatinine, effect, Levedahl and Sam- 
uels, 327 

Mold: See also Aspergillus, Neurospora 
Mosquito: Larva, biotin and biotin-like 
fat-soluble materials, nutrition ef- 
fect, Trager, 1211 

Mucin: Gastric, blood group A-specific 
substance, isolation, ion exchange 
resins, use, Bennett and Niemann, 

969 

— juice, determination, Siplet, Ko- 
marov, and Shay, 545 

Muscle: Adenosinetriphosphatase, Kiel- 
ley and MeyerhoS, 591 

— .magnesium-activated, Kielley and 
Meyerhof, 591 

Mycobacteria: Benzoic acid oxidation, 
kinetics, Eadie, Bernheim, and Fitz- 
gerald, 857 

Myoglobin: Iron, Bowen, 747 

Preparation, Bowen, 747 


N 

Naphthindan-2 ,3 ,4-trione hydrate; 
peri-, Z-ascorbic acid and enediol 
compounds, reaction, Mouhasher, 529 
Naphthoquinone: Antimalarials, Heij- 
mann and Fieser, 1359 

Fieser and Heymann, 1363 

Plasmodium lophurae respiration, ef- 
fect, Fieser and Heymann, 1363 
Succinate oxidase, effect, Heymann 
and Fieser, 1359 

Neurospora: Pyrimidine-deficient, cyti- 
dine and uridine determination, use, 
Loring, Ordway, and Pierce, 1123 


Neurospora — coniinued: 
Pyrimidine-deficient, purineand pyrim- 
idine antagonism. Pierce and Loring, 

1131 

Nicotinamide; Eadioactive, metabolism, 
Roth, Leifer, Hogness, and Langham, 

249 

Nicotinic acid: -Deficient diets, trypto- 
phan rdle, Singal, Sydenstricker, and 
Littlejohn, . 1051 

Liver, protein-free diet effect, Seifter, 
Harhness, Rubin, arid Muntwyler, 

1371 


Eadioactive, metabolism, Roth, Leifer, 
Hogness, and Langham, 249 

Storage, casein-low diets, amino acids, 
effect, Singal, Sydenstricker, and 
Littlejohn, 1065 

Tissue, corn ration, effect, Singal, 
Sydenstricker, and Littlejohn, 1069 
Tryptophan conversion to, mechanism, 
Hcidelbcrgcr, Abraham, and Ley- 
kovsky, 1101 

Nitrogen: Ammonia, urine, determina- 
tion, hypobromite use, Chinard, 1449 
Protein, determination, Kjeldahl, Hil- 
ler, Plazin, and Van Slyke, 1401 
— , feces, biochemistry, Albatiese, 
Davis, Lein, and Smetak, 1109 
Tomato, metabolism, isotopic anrmo- 
nium sulfate in study, MacVicar 


and Burris, 
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Urea, urine, determination, hypobro- 
mite use, Chinard, 1449 

Nucleic acid: Guanine, 2, 6-dianiino- 
purine as precursor, Bendich and 
Brown, _ 

Lactobacillus casei synthesis, pteroy - 
glutamic acid effect, Prusoff, 
a7i<i King, 

Pentose, pancreas, Vischer and Char- 

gaS, 

— , yeast, Visher and Chargaff, 
Nucleohistone; Spleen, Petermann an 
Lamb, 

Nucleotide: Diphosphopyridme. oee 

Diphosphopyridine nucleotide 


O 

Octanic acid; Oxidation, liver fraet^ 
Schneider, '■ 
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Oxalacetate: Oxidation, homogenates, 
Poller, Pardee, and Lyle, 1075 

Succinic dehydrogenase, effect, Pardee 
and Poller, 1085 

Oxidase: D-Amino acid, liver, protein- 
free diet effect, Scifter, Harknesa, 
Rubin, and Munlwyler, 1371 

Succinate, naphthoquinone effect, Hey- 
mann and Fieser, 1359 

Xanthine, liver, pteroylglutamic acid 
effect, Keilh, Broach, Warren, Day, 
and Toller, 1095 

Oxidation: /S, Atchley, 123 

Oxybiotin: hletabolism, chick, McCoy, 
McKibben, Axelrod, and Hofmann, 
1319, 1327 

Tissue, deposition, McCoy, McKibben, 
Axelrod, and Hofmann, 1319 

Oxygen: Blood, determination, saponin 
substitutes, Hiller, Plazin, and Van 
Slyke, 1431 

P 

Pancreas: Carboxypeptidase, identifica- 
tion, Smith and Hanson, 997 

'entose nucleic acids, Vischer and 
Ckargaff, 715 

:athyroid: Hormone, electrophoretic 
mobilities, Wilhelmi and Sayers, 

175 

i(s): Aldolase, Slumpf, 233 

;tin: Amylo-, starch, separation and 
determination, Krishnaswamy and 
Sreenivasan, 1253 

licilienic acid: Benzyl-, benzylpeni- 
cillin synthesis, intermediate. Car- 
penter, Turner, and du Vigneaud, 893 
licillin(s): Ammonium, crystalline, 
precipitation, Salivar, Grenfell, and 
Brovm, 977 

Aspergillus flavus, Adler and Winter- 
steiner, 873 

Benzyl-, synthesis, benzylpenicillenic 
acid as intermediary. Carpenter, 
Turner, and du Vigneaud, 893 

Biosynthesis, Behrens and Kingkade, 

1047 

Biosynthetic, penicillin resistance, 
Behrens and Kingkade, 1047 

G. See Benzylpenicillin 


Peniciilinfs) — continued; 

Naturally occurring, Salivar, Grenfell, 
and Brown, 977 

Synthetic, sodium salts, preparation 
and antibacterial properties. Car- 
penter, Stacy, Genghof, Livermore, 
and du Vigneaud, 915 

Pentose; Nucleic acid, pancreas, Vischer 
and Chargaff, 715 

, yeast, Vischer and Chargaff, 715 

Peptidase: Amino-, leucine, specificity. 
Smith and Slonim, 835 

Carboxy-, pancreas, identification. 
Smith and Hanson, 997 

Di-. See Dipeptidase 
Peptide (s): Methylated, hydrolysis, 
Smith, 21 

Phenylalanine: Determination, chromat- 
ographic, Stein and Moore, 337 
Foods, determination, microbiological, 
Horn, Jones, and Blum, 679 

Proteins, determination, microbiologi- 
cal, Horn, Jones, and Blum, 679 
Phosphatase: Adenosinetri-, muscle, 
Kielley and Meyerhof, 591 

— , — , magnesium-activated, Kielley 
and Meyerhof, 591 

Kidney, adrenal cortex steroids, dl- 
thyroxine, and epinephrine, effect, 
Kochakian and Bartlett, 243 

Liver, adrenal cortex steroids, nn-thy- 
roxine, and epinephrine, effect, 
Kochakian and Bartlett, 243 

Pyro-, diphosphopyridine nucleotide, 
Kornberg and Lindberg, 665 

Phospholiplde(s): Blood plasma, turn- 
over, choline action, relation, Zilver- 
smit, Entenman, and Chaikoff, 193 
Liver, turnover, choline action, rela- 
tion, Zilversmit, Entenman, and 
Chaikoff, 193 

Phosphorus; Metabolism, algae and bac- 
teria, photosynthesis relation, Gest 
and Kamen, 299 

Radioactive, blood plasma lecithin and 
sphingomyelin turnover, use in 
study, Zilversmit, Entenman, and 
Chaikoff, 209 

— , phosphotransferase mechanism, use 
in study, Axelrod, 205 



1502 


INDEX 


Phosphorylation: Lipide, ethanolamine, 
methylethanolamine, and dimethyl- 
ethanolamine effect, Ariom and Cor- 
naizcr, 949 

Phosphotransferase; JMechauism, radio- 
active phosphorus in study, Axelrod, 

295 

Photosynthesis: Algae, phosphorus me- 
tabolism, relation, Gesl and Kamen, 

299 

Bacteria, phosphorus metabolism, rela- 
tion, Gesl and Kamen, 299 

Pituitary: Anterior, growth hormone, 
preparation, Wilhelmi, Fishman, and 
Russell, 735 

Growth hormone, iodine effect, Li, 
Simpson, and Evans, 843 

Plant (s); Carbohydrate metabolism, 
Slumpf, 233 

Plasmodium lophurae; Respiration, 
naphthoquinone effect, Fieser and 
Heymann, 1363 

Plutonium: Metabolism, intramuscular 
injection effect, ScoU, Axelrod, 
Fisher, Crowley, and Hamiltoti, 283 
Polycythemia; Cobalt-produced, cys- 
teine, histidine, and methionine ef- 
fect, OrtC7i and Bucciero, 961 

Porphyrin: Proto-, blood cell, red, pro- 
tein and iron deficiency, effect, Carl- 
Wright and Wvitrobe, 571 

Potassium: Lactic acid bacteria, require- 
ment, MacLeod arid Snell, 39 
Pregnancy; Bile pregnanol-3(a)-one-20, 
pregnanediol-3(Qr), 20(d), and etio- 
cholanediol-3(Q:),17 (d), isolation, 
Pearlman and Csrceo, 847 

Pregnanediol-3(a), 20(d): Bile, preg- 
nancy, isolation, Pearlman and Ccr- 
ceo, 847 

Pregnanol-3(a).one-20: Bile, preg- 
nancy, isolat; ,n, Pearlman . and 
Cerceo, 847 

Protein (s): Ammonium compounds, 
quaternary, and, interaction, Chin- 

ard, 1439 

Arginine determination, microbiologi- 
cal, Horn, Jones, and Blum, 59 
Blood. See also Hypoproteinemia 
— cell, red, protoporphyrin, blood 


Protein(s) — continued: 

plasma copper and iron, defi 
effect, Cartwright and Wi] 

Blood plasma, biophysics, D 
and Nichol, 

, hj'pothyroidism, testosi 

propionate effect. Leathern, 
Factor, animal, determination, 
bacillus leichmannii use, & 
Huff, Wright, and Bosshardt, 
-Free diet, liver nicotinic acid, 
flavin, D-amino acid o.vidasCj 
arginase, effect, Seifter, Han 
Rubin, and Muntwglcr , 
Hypobromite reaction, Chinard, 
Liver, carcinogenic azo dyes, c 
GriJJin, Xye, Noda, and Luck, 
— , hypothyroidism, testosterone 
pionate effect. Leathern, 

-Low diet, choline, growth and 
tropism, effect, Treadwell, 

, cystine, growth and lipotroj 

effect, Treadwell, 

, methionine, growth and 

tropism, effect, Treadwell, 
Nitrogen, determination, Kjdi 
Hiller, Plazin, and Van Slyke, 
— , feces, biochemistry, Altai 
Davis, Lein, and Smetah, 
Phenylalanine determination, nil 
biological, Horn, Jones, and Bi 

Purified, proteolysis products, B\ 
and Anfinsen, 

Tissue, carcinogenesis and, Gn. 

Nye, Noda, and Luck, 

Urine, determination, alkyidimeti 
benzylammonium compounds, ' 
Chinard, 

— , — , biuret method, Hiller, Grcif,^ 
Beckman, 

Protoporphyrin; Blood cell, red, pt® 
and iron deficiency, effect) ^ 
Wright and Wintrobe, 

Protozoa: See also Plasmodium 
Pteroylglutamlc acid: Liver tyrosnr 
effect, Keith, Broach, Warren, 
and Toiler, 
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eroylglutamlc 

, -Mver ^aMt!,ine oxi.iaso, clToot, Kcilh. 
<' ■ iirvach, lloru'H, Da;/, ami Totter, 

i- , . . 1095 

, tU'li'ic acnj .s.viit!ic.M.s, Lactabacillm^ 
fOHi, ufTcct, Dru.-ojJi, Tcpiy, and 

J3Qy 

rine(s): De I crnii nation, micro-, Ti.s- 
- chcr and ChargajJ, yoy 

')-lJiamino-, nucleic acid guanine, 

^ jrecuri^r , Dcndich and Drown, M71 
I'yriiiudino aiitagonism, jtyrimidine- 
. deficient Xeurosiiora, Pierce and 
Luring, jj3, 

ifiimin li.; and, interrelationship, 
Dhiie, liai'cl, and Harding, 991 
•tresciae: Ilcmophilns parainJUtenzae 
Kfutvth, elTcct, Ucrb.st and Snell, 9S9 
rldlne: Diphospho-. .See Diphos- 
phopyridine 

ridoxal: Distribution, Rabinowitz and 

, 1157 

>ce aluo Vitamin Bj 

ddozamine: Distribution, Rabino- 
^ilz and Snell, II57 

cc also Vitamin Bo 

Idoxine: Distribution, Rabinowitz 
and Snell, 1257 

se also Vitamin Bj 

itnidine: -Deficient Ncurospora, cy- 
tidine and uridine determination, 

Use, Loring, Ordway, and Pierce, 

1123 

) purine and pyrimidine antagon- 
sm, Pierce and Loring, 1131 

termination, micro-, Vischer and 
'hargaff, 703 

trine antagonism, pyrimidine-ciefi- 
ipnt Ne-urospora, Pierce and Loring, 

1131 

? osphatase: Diphosphopyridine 
ueleotide, Kornberg and Lindberg, 

665 I 

iiospliate: Inorganic, diphospho- I 
Kndine nucleotide synthesis, enzy- 
utic, relation, Kornberg, 1475 
amide: Metabolism, Anker and 

1353 

ite: Synthesis, Escherichia coli, 
styl precursor, Kaplan and Lip- 
mn, 459 


1503 


Pyruvic acid: S-Benzylthio-, N-acetyl- 
S-benzyl-L-cysteine, conversion, 
Stckol, gg’ 

I synthesis, Stekol, gg 

Carbonyl-labeled, synthesis. Anker, 

1333 

-Metabolism, Anker, 2337 

Thio-, growth effect, Stekol, 33 

R 

Resln(s); Ion ex-change, blood group A- 
specific substance, isolation, gastric 
mucin, use, Bennett and' Kieniann, 

„ 969 

Respiratory enzyme(s): Determination, 
Potter, Pardee, and Lyle, 1075 
Respiratory exchange: Apparatus, Lester 
and Greenberg, 53 

Riboflavin: Liver, protein-free diet ef- 
fect, Seifter, Darkness, Rubin, and 
Munlwyler, I372 


I Saponin: Substitutes, blood oxygen and 
carbon monoxide determination, 
Hiller, Plazin, and Van Shjke, 1431 
Selenium: Poisoning, methionine effect. 
Pels and Cheldelin, 819 

Serine: Formate conversion to, Sakami, 

995 

Glycine conversion to, Sakami, 995 

Serotonin: Rapport, Green, and Page, 

1237, 1243 

Chemical inactivation. Rapport, Green, 
and Page, 1237 

Isolation and characterization. Rap- 
port, Green, and Page, 1243 

Sodium borohydride: Cozymasc reduc- 
tion, Mathews, 229 

Sodium hyaluronate; Meyer, 993 

Sphingomyelin: Blood plasma, turnover, 
radioactive phosphorus in study, 
Zilversmit, Entenman, and Chaikojf, 

209 

Spleen: Kucleohistone, Petermann and 
Lamb, 6S5 

Squid: Visual purple, absorption spectra, 
Bliss, 563 

, bleaching products, absorption 

spectra. Bliss, 503 
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Staphylococcus aureus: Growth, gluta- 
mine relation, Hughes, 1473 

Starch: Amylose and amylopectin, sepa- 
ration and determination, Krish- 
naswamy and Sreenivasan, ' 1253 

Steroid(s): Adrenal cortex, crystalline, 
liver and kidney phosphatases 
and arginase, effect, Kochakian 
and Barileit, 243 

Stomach: klucin, blood group A-specific 
substance, isolation, ion exchange 
resins, use, Bennett and Niemann, 

969 

See also Gastric juice 
Streptomyces: Xanthomycins A and B, 
Thorne and Peterson, 413 

Streptomycin: Cyanate effect, Fitzgerald, 

223 

Succinate: Oxidase, naphthoquinone ef- 
fect, Heymann and Fieser, 1359 
Succinic dehydrogenase: Oxalacetate ef- 
fect, Pardee and Potter, 1085 

Sulfur: Analogue, choline, behavior, 
Maw and du Vigneaud, 1029 

Sulfurous acid: Fuchsin-, heparin, 
Jorpes, Wcr/ier, and Aberg, 277 

T 

Testosterone: Blood plasma guanido- 
acetic acid, creatine, and creatinine, 
effect, Levedahl and Samuels, 327 
Methyl-, blood plasma guanidoacetic 
acid, creatine, and creatinine, effect, 
Levedahl and Samuels, 327 

— , urine guanidoacetic acid, creatine, 
and creatinine, effect, Levedahl and 
Sa7miels, 327 

Urine guanidoacetic acid, creatine, and 
creatinine, effect, Levedahl and 
Samuels, 327 

Testosterone propionate: Blood plasma 
proteins, hypothyroidism, effect. 
Leathern, 1285 

Liver proteins, hypothyroidism, effect. 
Leathern, 1285 

Thetin: Dimethyl-, methionine synthe- 
sis, role, Dubnoff and Borsook, 789 
— , related compounds, labile methyl 
groups, source. Maw and du Vi- 
gneaud 


Thetin — continued: 
Dimethyl-(3-propio-, methionine 
thesis, role, Dubnoff and Bo. 

Thiopyruvic acid: Growth effect, 

Thymus: (3-Chloroethyl vesicants, c 
Chanutin and Ludewig, 
Thyroid: Hormone, circulating, m 
Taurog and Chaikoff, 

See also Hypothyroidism 
Thyroxine: dl-, liver and kidney 
phatases and arginase, e 
Kochakian and Bartlett, 
-Related compounds, activity, Fr 
and Winzler, 

Tomato; Nitrogen metabolism, 
topic ammonium sulfate in s( 
MacVicar and Burris, 

Tooth: Calcification, Sobel and Hi 

Composition, blood and diet, rela 
Sobel and Hanok, 

Toxin: Clostridium bolulinum typ 
crystalline, physicochemical pn 
ties, Putnam, Lamanna, and Si 

Transamination : Mechanism, Unp 
O’Kane, and Gunsalus, 
Triacetlc acid: Metabolism in i 
Witter and Stolz, 

-Related diketones, metabolism 
vitro. Witter and Stotz, 
Synthesis and properties. Witter 
Stotz, 

Trilaurin: Radioactive, oxidation in 
Geyer, Chipman, and Stare, 
Tryptophan: Nicotinic acid convei 
from, mechanism, Heidelbe. 
Abraham, and Lepkovsky , 

— acid-deficient diets, rble, Sw 
Sydenstricker , and Littlejohn, 
Tumor: Glycolysis, LePage, 
Tyrosinase: Liver, pteroylglutamic 
effect, Keith, Broach, Warren, 1 
and Totter, 

Tyrosine: Determination, chrom 




